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ABSTRACT 
 Consumer demand for organic maize grain has steadily increased in the past decade 
which has resulted in an increased interest for this market class by plant breeders and 
geneticists. Each chapter in this dissertation investigates areas of concern to the organic 
community and possible solutions for improvement. Chapter two seeks to understand which 
combinations of genetic mechanisms are capable of increasing the methionine concentration 
in maize grain. Based on the genetic mechanisms evaluated, it was concluded that crosses 
combining dzr1 and recurrent selection in hybrid combination can elevate methionine 
concentration and overall grain nutritional quality. Chapter three evaluates a series of maize 
testcrosses with various environmental adaptations for their productivity in diverse 
geographical locations. All inbred lines used in this study were adapted to organic growing 
conditions and several testcrosses, such as 75-062/NuMex-01, were found to have high yield 
performance and stability when two inbreds adapted to diverse growing conditions were 
crossed. Lastly, chapter four includes a proteomic analysis of Gametophyte factor1-strong to 
further understand this system for its potential use to maintain genetic purity in organic 
maize. Several proteins with unique expression to Gametophyte factor1-strong-containing 
pollen and pistil tissues were found and require additional studies to determine their 
involvement with this system. 
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CHAPTER 1. GENERAL INTRODUCTION 
Dissertation Organization 
 
This dissertation is organized into five chapters. Chapter one provides a brief 
literature review focused on the three individual experiments related to maize grain 
production and quality. Chapters two, three and four describe original research and are 
written in manuscript format for submission to scientific journals. Chapter two explores 
different combinations of genetic mechanisms resulting in maize grain having a higher 
methionine concentration. Chapter three investigates organic maize testcrosses for 
productivity and adaptation across geographically diverse environments. Chapter four 
includes a proteomic study to further understand Gametophyte factor1-strong (Ga1-s) and 
proteins unique to this system. Lastly, chapter five is a summary of general conclusions. 
 Brief Literature Review 
Maize grain quality 
Maize is one of the most widely produced cereal grains in the world and is utilized for 
human consumption, animal feed, and fuel production. Traditional maize has known 
nutritional deficiencies causing global health concerns as it is a dietary staple food source for 
~1/3 of the world population (Hirschi, 2009). Unfortunately, areas where malnutrition 
persists are the same areas where maize is a primary food source (Nuss and Tanumihardjo, 
2010). In addition to human health, similar nutritional demands exist for all monogastric 
animal diets. The deficiency of three essential amino acids, lysine, tryptophan and 
methionine, contribute to the nutritional limitations of maize. Extensive studies by the 
poultry industry have documented the effects that methionine deficiencies have on growth 
and development (Bunchasak, 2009; Shafer et al., 1996; National Research Council, 1984). 
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With methionine limitations having been correlated to several adverse outcomes, 
supplementing poultry diets with synthetic methionine has become a requirement in 
commercial poultry production (Bunchasak, 2009). Use of synthetic methionine in organic 
poultry production has become exceedingly controversial and demands the development of 
new maize varieties with higher methionine concentrations for the organic community. 
Zein proteins have been characterized as the major seed storage proteins in maize 
(Osborne, 1924). Six classes of proteins have been identified based on their molecular 
weights and amino acid composition (Wilson, 1986). These proteins have low levels of the 
three aforementioned amino acids but are relatively high in proline and glutamine (Wilson, 
1987). Due to a large proportion of the total seed protein contributed by the zeins, nutritional 
deficiencies in these proteins characterize the grain as a whole. 
Several genetic mutations and breeding approaches have been utilized to improve 
methionine concentrations. The first mutation of interest, floury-2 (fl2), was found to have 
increased lysine and methionine concentrations compared to wild-type maize (Mertz et al., 
1964; Nelson et al., 1965). fl2 improves methionine levels by affecting the synthesis of all 
zeins causing abnormal protein body formation characterized as asymmetrical and oddly 
shaped compared to spherical proteins bodies found in wild-type backgrounds (Lending and 
Larkins, 1992). It is unknown how altered protein body formation results in an increased 
methionine concentration but the overall protein content of fl2 mutants is higher than 
opaque-2 (Nelson et al., 1965). In addition to abnormal protein body deposition caused by 
fl2, decreased zein synthesis allows for an increased abundance of cytoplasmic proteins. The 
physiological importance of these proteins is unknown but many are lysine-rich (Coleman et 
al., 1995). 
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The second mutation of interest is dzr1. This gene was identified in a single maize 
inbred line, B101 (formerly named BSSS-53), found to have high methionine levels (Philips 
et al., 1981). The increase in methionine was found to be caused by increased levels of a 
single methionine-rich 10-kDa zein (Philips and McClure, 1985). This methionine-rich zein, 
dzs10, has been cloned and determined to contain 23 methionine residues in its mature 
protein sequence (Kirihara et al., 1988). Later studies identified that dzr1 was acting as a 
trans-activating regulator which post-transcriptionally regulated the stability of dzs10 
transcripts. Thus, higher dzs10 protein expression was not in fact due to higher expression of 
the methionine-rich gene itself but rather a higher stability of currently expressed transcripts 
(Cruz-Alvarez et al., 1991). In addition, transgenic approaches have been explored to 
increase methionine levels even further. Fusing the coding region of dzs10 to the 27-kDa zein 
promoter takes advantage of the promotor for the most abundantly expressed zein and seed-
specific expression (Kleese et al., 1991). Also, genetic modifications to native regions of 
dzs10, such as 5’ and 3’ regions, surrounding the coding sequence have been investigated to 
alter post-transcriptional regulation (Lai and Messing, 2002). 
The recurrent selection breeding method has been commonly utilized to increase 
quantitative traits in maize. This breeding method can use both within- and among-family 
selection strategies where selection occurs over multiple generations. The primary goal of 
this selection method is to improve the mean performance of a population for the quantitative 
trait of interest while maintaining genetic variability. The method is relatively simple with a 
technique to measure trait values and germplasm with heritable variation being the only two 
requirements. As genetic variability is reduced, the ability to continually select for favorable 
genes is also reduced (Sleper and Poehlman, 2006). The Illinois long-term selection program 
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is the best known example of recurrent selection as known extremes of protein and oil 
concentrations in maize were generated (Dudley and Lambert, 2004). Recurrent selection has 
not been widely used for increasing methionine concentration in maize grain specifically due 
to the great deal of labor and expense required to measure amino acid concentrations by 
high-performance liquid chromatography. Use of a microbial method eases this burden as it’s 
inexpensive and capable of high-throughput analysis. Most importantly, it has been shown to 
be effective for analyzing methionine concentrations in maize grain (Wright and Orman, 
1995). Previous studies have shown the effectiveness of the microbial method and its ability 
to successfully differentiate between high and low methionine concentrations (Darrigues et 
al., 2005; Scott et al., 2004). 
Organic hybrid productivity and adaptation 
Consumer interest in organic products has steadily increased in recent years. 
Increasing the production of organic maize to meet the increase in consumer demand has 
been challenging. One difficulty organic producers continually encounter has been relying on 
maize hybrids bred and selected for using conventional methods. This approach typically 
includes variety evaluation in favorable growing conditions and use of synthetic pesticides 
and fertilizers to increase overall plant performance. Regulatory or socio-economic reasons 
prohibit the use of such external inputs in organic production systems which can lead to large 
environmental influences on agricultural traits of importance (Murphy et al., 2004).  
Furthermore, hybrids developed under favorable, chemical intensive environments, generally 
do not perform well under low-input, organic management practices (Ceccarelli, 1996). The 
lack of modern cultivars being adapted to organic production systems may also contribute to 
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their reduced productivity. Thus, the need for organic cultivar development under similar 
growing conditions and environments as they will be commercially produced persists. 
With genetic variation being the principal mechanism for minimizing negative 
environmental impacts on traits such as yield, numerous small-scale organic farmers have 
heavily utilized local varieties and landraces due to their heterogeneity and genetic diversity 
(Perales et al., 1998).  This genetic diversity also provides resistance to insects and pests 
along with tolerance to weeds and many other traits organic producers demand. These 
varieties have higher adaptability to local environments and better suit farmer preferences 
based on factors like farm size and family structure (Haugerud and Collinson, 1990). The 
yield advantages maize hybrids have over landraces is widely known, further necessitating 
the development of organic hybrids specifically for organic producers. 
The increase in sales of certified organic products has directly impacted the organic 
agricultural industry. It has led to an increase in organic maize production as certified organic 
maize acreage in 1995 was ~32,000 acres across the U.S and by 2011 it had increased to 
~234,000 acres (USDA, 2017). Despite the >630% increase in organic maize acreage, rates 
could increase even further if organic hybrids superior to those currently available are 
developed. Secondly, it has resulted in an increased market value for organic grain. Market 
value for conventional grain in recent years has averaged ~3-4 dollars per bushel while 
organic grain has averaged ~10-11 dollars per bushel (USDA, 2017). The consistently higher 
value of organic grain, which is ~2-3 fold higher per bushel, has contributed to more farmers 
producing organic corn. Lastly, differences in overall grain yield has inhibited some farmers 
from allocating more acreage to organic production. In 2016, the national average yield for 
conventional grain was ~175 bu/ac while organic grain was ~140 bu/ac (USDA, 2017). 
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Reducing the yield gap between these two market classes will likely continue to increase 
producer interest in organic management systems. 
Gametophytic cross-incompatibility 
 
Maize grain production requires the natural biological process of fertilization to be 
successful and for every acre of corn planted, this process occurs more than one million 
times. Unfortunately for some corn varieties, a successful fertilization event is not always 
profitable (Messeguer et al., 2006). Pollen-mediated gene flow from genetically engineered 
(GE) corn varieties into non-GE varieties causes adventitious presence, thus affecting co-
existence (Langhof et al., 2010). Presently, several techniques have been implemented to 
avoid cross-contamination but cooperation among neighboring farmers is required for 
maximum effectiveness (Ingram, 2000; Halsey et al., 2005). Use of a naturally occurring 
genetic mechanism may be more effective at promoting co-existence, either as a standalone 
technique or in conjunction with current practices. Gametophyte factor1 (Ga1) was the first 
gametophytic cross-incompatibility (GCI) system discovered (Mangelsdorf and Jones, 1926) 
and has the potential to exclude GE pollen from non-GE maize varieties if deployed 
correctly. 
Although several GCI systems exist, Ga1 is currently the best characterized system to 
date. Close linkage to sugary1 (su1), a recessive mutation characterized by translucent and 
wrinkled endosperm when dried down, permitted its discovery. This allele normally results in 
a 3:1 ratio of starchy (Su) to sugary (su) endosperm in the F2 generation which is typical for a 
single, dominant gene according to Mendelian inheritance.  Although Jones (1924) and 
Emerson (1925) were two of the first groups to publish observed deviations in expected 
progeny from starchy x sugary crosses, earlier records of abnormal phenotypes were reported 
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by Carl Correns in 1901.  Each independent study found that self-pollinated F1 hybrids from 
a ga su1/ga su1 x Ga Su1/Ga Su1 cross had an abnormal F2 progeny ratio, where the number 
of sugary kernels was lower than expected. Conversely, backcrossing the F1 hybrid (Ga 
Su1/ga su1) to the sugary parent (ga su1/ga su1) resulted in the expected ratio of sugary to 
starchy progeny. At the time, it was thought that a gene closely linked to su1 caused selective 
fertilization and was responsible for differences in pollen tube growth (Jones, 1924 and 
Emerson, 1925). Later work by Mangelsdorf and Jones (1926) connected the su1 progeny 
variation to some gamete factor since different pollen haplotypes (Ga1 or ga1) experienced 
varying fertilization rates when Ga1 was present in the pistil. It is now widely known that 
su1 has its segregation pattern affected by Ga1 with both alleles located within 50 cM of 
each other on the short arm of chromosome four (Evans and Kermicle, 2001). 
Early studies by Kermicle and Evans (2005) suggested that the genotype of pistil 
tissue and haplotype of the pollen grain were equally important. Their results determined 
pistil tissue with a genotype of Ga1-s/Ga1-s was incompatible with ga1 pollen. Furthermore, 
Ga1-s/Ga1-s pistil tissue expressed partial incompatibility when the genotype of the pollen 
donor was Ga1-s/ga1. These results suggested the haplotype of the pollen grain determined 
compatibility instead of the parent sporophyte producing the pollen grains. Although the 
female pistil is sporophytic, pollen grains are gametophytic and determine the success of 
fertilization. In addition, Kermicle and Evans (2005) discovered pistil tissue with the 
genotype Ga1-s/ga1 had a reduced barrier strength to incompatible pollen compared to a 
Ga1-s/Ga1-s genotype.  
Maize pollen tube growth and guidance is separated into five distinct phases. These 
phases include: (1) imbibition and germination on the silk hair or silk proper; (2) penetration 
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of the cell wall and intercellular growth towards transmitting tracts; (3) growth within the 
transmitting tract; (4) growth out of transmitting tract; and (5) targeting of the embryo sac 
(Heslop-Harrison, 1982; Johnson and Preuss, 2002; Dresselhaus and Franklin-Tong, 2013). 
Radioactive labeling and fluorescent staining studies have shown incompatible pollen tubes 
arrest in growth after entering the transmitting tract which suggests the point of inhibition 
caused by GCI is phase three (Figure 1) (Dresselhaus et al., 2011; Lu et al., 2014; Zhang et 
al., 2012). 
During middle stages of progamic growth, pistil tissue supports pollen tube growth in 
various ways.  First, pollen tubes may be required to travel distances >30 cm and need 
additional nutrients as pollen grains only obtain enough resources for 2 cm of growth 
(Heslop-Harrison et al., 1984). With an energy source, such as sucrose, possibly being the 
most important nutrient to sustain tube growth, chemical ions like Ca
2+
 and H
+
 have also 
been shown to be equally important (Holdaway-Clarke and Hepler, 2003). Secondly, 
mechanical support is also required as pollen tubes are 15 µm in diameter and need to grow 
several centimeters in length at minimum (Lu et al., 2014). With the transmitting tract of 
maize being of the ‘solid type’ in that it is filled with transmitting tract tissue, transmitting 
tissue-specific proteins have been found to support pollen tube growth (Higashiyama and 
Inatsugi, 2006). Such transmitting tissue-specific proteins have been shown in tobacco to 
stimulate pollen tube growth in vitro and in vivo with evidence supporting a role in pollen 
tube guidance as well (Cheung et al., 1995). These proteins may also promote tube growth as 
small latex beads, with diameters similar to pollen tubes, were found to be translocated 
towards the ovary at rates close to the growth rate of maize pollen tubes (Sanders and Lord, 
1989). 
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Previous literature suggests GCI has the ability to disrupt the normal fertilization 
process by inhibiting the growth of certain pollen tubes while allowing other tubes to 
undergo normal development (Figure 1) (Mangelsdorf and Jones, 1926; Kermicle and Evans, 
2010; Evans and Kermicle, 2001). Regulation of pollen tube growth by a GCI system 
requires a male and female function to be effective. The female function presents itself as a 
barrier in the transmitting tract which discriminates against certain pollen haplotypes while 
the male function allows certain pollen tubes to overcome the female barrier (Kermicle and 
Evans, 2010). Studies ranging from genetic approaches to field-based analyses have 
advanced our knowledge of GCI (Bloom and Holland, 2011; Zhang et al, 2012; Lausser et 
al., 2010; González et al., 2012), but many questions still remain unanswered. 
As previously alluded to, tube growth is terminated in the transmitting tract where 
extensive cell-cell contacts are made between the pollen tube and pistil tissue. Unlike self-
incompatibility where recognition of self-pollen causes rejection, the female function of Ga1-
s seemingly rejects non-self-pollen. Thus, discovery of the Ga1-m (male) allele has provided 
evidence for separate male and female functions with an interaction between the two 
necessary for Ga1-s pollen to overcome the female barrier (Jimѐnez and Nelson, 1965). As 
demonstrated by Lu et al. (2014), an absence of the male function causes pollen tubes to 
experience a high degree of clustered callose plugs along with curved and misdirected 
periods of growth. Additional analysis of aberrant pollen tube morphologies may lead to a 
further understanding of the molecular interaction between the male and female functions of 
Ga1-s. 
Several groups have completed fine-mapping studies attempting to identify the 
causative locus for Ga1-s (Bloom and Holland, 2011; Zhang et al., 2012; Liu et al., 2014).  
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Although each study found overlapping regions of interest or was able to refine the region of 
interest, causative genes or genetic polymorphisms have yet to be characterized.  A detailed 
study by Bloom and Holland (2011) identified two genes, GRMZM2G068698 and 
GRMZM2G008507, on chromosome four that may be responsible for the female function of 
Ga1-s. Both genes are homologous to a sucrose-phosphate synthase gene in wheat and were 
discovered using markers which identified SNP loci within the region of interest that co-
segregated with the pollen exclusion phenotype. A similar study by Zhang et al. (2012) 
narrowed the region of interest down to 2.2 Mbp but did not provide any potential candidate 
genes or polymorphisms. More recently, Liu et al. (2014) proposed GRMZM2G039983 as a 
candidate gene and mapped the male function of Ga1-s to a 100 kbp region on chromosome 
four that fell within the region of interest defined by previous groups. This candidate gene 
has homology to WDL1 in Arabidopsis thaliana which controls anisotropic growth (Yuen et 
al., 2003) and suggests pollen incompatibility may be caused by a deficiency in directional 
growth. Unpublished data from our group suggests the difficulty in narrowing down this 
region any further and identifying a causative gene may be due to its highly repetitive nature. 
In addition to the lack of a causative gene for Ga1-s, a molecular mechanism or 
model has also yet to be defined. Several studies have been completed to understand the 
cellular nature of this pre-zygotic barrier by illustrating the point at which ga1 pollen tubes 
are inhibited in Ga1-s/Ga1-s pistils (Zhang et al., 2012; House and Nelson, 1958; Lausser et 
al., 2010; Heslop-Harrison, 1982; Kermicle and Evans, 2005). Pollen grains could be 
inhibited during hydration and germination but current literature suggests that ga1 pollen 
tubes are able to germinate normally, penetrate the cell wall and enter the transmitting tract 
before growth arrests after ~5 cm (Zhang et al., 2012).  Although the initial steps of pollen 
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tube growth appear normal, incompatible pollen tubes have reduced growth rates after 
entering the transmitting tract and eventually arrest well short of the ovule. When multiple 
pollen tubes compete in the same transmitting tract and competition is between ga1 and Ga1-
s pollen tubes growing in Ga1-s/- pistils, ga1 is outperformed (Zhang et al., 2012). 
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Figure 1. Principle of gametophytic cross-incompatibility. Cartoon depiction of 
gametophytic cross-incompatibility with a Ga1-s/Ga1-s pistil excluding ga1 pollen (red) 
and permitting growth of Ga1-s pollen (green). Incompatible pollen tubes arrest in 
growth inside the transmitting tract after growing several centimeters in length. 
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Abstract 
 
Methionine is a limiting amino acid in poultry diets, so methionine supplementation 
is typically required to meet nutritional demands. Maize (Zea mays L.) varieties with 
increased methionine levels have been developed using three different approaches: (i) 
increased levels of the methionine-rich 10-kDa zein, (ii) disruption of protein deposition 
using the floury-2 allele, and (iii) recurrent selection. The goal of this study was to 
characterize the interactions of these three mechanisms for increasing methionine to develop 
optimal breeding strategies for this limiting amino acid. A complete diallel mating design 
was used to produce all possible hybrid combinations, which were analyzed by Griffing’s 
experimental Method 3, Model 1. Grain samples were analyzed for methionine concentration 
using a microbial method. The significantly negative general combining ability (GCA) for 
inbred RS2 suggests it did not perform well in hybrid combination, while the significant 
specific combining abilities (SCAs) suggest that some specific combinations of mechanisms 
worked well together in this germplasm. Analysis of grain quality traits by near-infrared 
spectroscopy (NIRS) revealed that the high-methionine hybrid combinations had starch and 
oil concentrations similar to all other hybrids but had elevated protein concentrations. In 
some hybrids in this study, dzr1 and recurrent selection were effective mechanisms to elevate 
methionine in hybrid combination and did not have an associated yield penalty relative to 
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other hybrids produced in the study, which supports their use in a high-methionine maize 
breeding program. 
Introduction 
Poultry diets based on corn and soybean [Glycine max (L.) Merr.] require methionine 
supplementation because both grains have inadequate methionine concentrations. Feed 
supplementation with commercially produced methionine is used to alleviate these 
deficiencies but also increases poultry production costs (Waldroup et al., 1981). Breeding 
new maize varieties with improved methionine levels would mitigate the high cost associated 
with methionine supplementation and provide a more nutritionally balanced feed source. 
At least three approaches have been found to be effective for increasing grain 
methionine concentration. The first is exemplified in the inbred line B101, which was 
developed from the Iowa stiff stalk synthetic population (Hallauer and Wright, 1995). The 
methionine concentration of this line was reported to exceed related inbred lines by 20% 
(Phillips et al., 1981). Early literature suggested an overexpression of the methionine-rich 10-
kDa delta zein (dzs10) was responsible for the increase in total grain methionine 
concentration (Kirihara et al., 1988). It was later revealed that dzs10 transcripts are regulated 
post-transcriptionally by delta zein regulator1 (dzr1), which encodes a trans-acting factor. 
Thus, B101 has an increased methionine concentration because dzr1 stabilizes dzs10 
messenger RNA levels, resulting in higher expression of a methionine-rich protein (Cruz-
Alvarez et al., 1991). Furthermore, a transgenic approach to increase methionine levels uses 
this knowledge to increase dzs10 transcript stability by modifying the 5’ untranslated region, 
promoter, and 3’ regions around the dzs10 coding region (Lai and Messing, 2002). 
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A second method for increasing methionine concentration is use of another naturally 
occurring mutation. The floury-2 (fl2) mutant leads to an increased methionine concentration 
resulting in a more balanced amino acid pattern (Nelson et al., 1965). The fl2 mutation is 
reported to be codominant, which might be advantageous in breeding programs because 
heterozygous hybrids may express the beneficial effects of the mutation. fl2 encodes an 
unusual form of a major a zein (Coleman et al., 1995), which causes aberrant protein body 
formation resulting in kernels with an opaque phenotype instead of the wild-type vitreous 
phenotype (Lending and Larkins, 1992). It is not clear how this results in elevated 
methionine levels. 
Numerous studies have determined the extent of variation in amino acid profiles for 
various germplasm (Doty et al., 1946; Aguirre et al., 1953; Scott et al., 2004). The results of 
Reynolds et al. (2005) suggest the variability in amino acid levels among commercial hybrids 
is controlled by the genetic background and growing conditions. Taken together, these 
studies suggest it should be possible to use plant breeding methods to alter the methionine 
concentration in breeding populations. Recurrent selection is a plant breeding approach that 
has been widely used to improve quantitative traits in maize. The Illinois long-term selection 
experiment for grain composition (reviewed in Moose et al., 2004) altered protein and oil 
concentrations to produce populations with trait values representing the known extreme 
values for maize. Furthermore, Scott et al. (2008) altered grain composition by selecting for 
either high or low methionine concentrations. Three cycles of selection were sufficient to 
cause a significant difference in methionine concentration between populations selected for 
high and low values, respectively, illustrating that the methionine concentration of maize 
grain can be altered by traditional breeding and provides a third approach to increasing 
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methionine concentration. While the molecular mechanism for increasing methionine 
concentration is not well understood, in this study we refer to this mechanism throughout the 
manuscript as recurrent selection.  
The diallel mating design involves production of all possible crosses among a set of 
inbred lines and allows for evaluation of the genetic effects of these lines and their resulting 
hybrid combinations. Using this mating design with a statistical model outlined by Griffing 
(1956), information regarding GCA, SCA, and reciprocal effects can be determined. The 
general definitions provided by Sprague and Tatum (1942) for GCA and SCA are the average 
performance of an inbred line in hybrid combination and the expected performance of a 
hybrid combination compared with the average performance of inbred lines involved, 
respectively. Previously, this approach has been used to understand the genetic effects 
controlling methionine concentration in lines with normal methionine levels (Darrigues et al., 
2005). 
An additional advantage of this mating design is that it allows statistical tests of 
hypotheses about interactions of specific genetic mechanisms to be tested. Midparent 
heterosis can be evaluated by calculating the difference between a hybrid and the mean of the 
two inbred parents used in its production (Hallauer and Miranda, 1981). The absence of 
significant SCA or midparent heterosis would be interpreted as no evidence for interaction 
between the genetic mechanisms combined. Reciprocal effects in F2 plants could be due to 
maternal inheritance and can be important for assigning genders to the parents of a hybrid. 
Thus, a diallel mating design can provide guidance to breeders developing hybrids with high-
methionine grain and provide clues about how different genetic mechanisms interact to 
determine methionine concentration in grain. 
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The objectives of this study are (i) to determine the effects of combining inbreds with 
different genetic mechanisms for increasing methionine concentration in hybrid combination 
and (ii) to estimate the genetic effects regulating methionine concentration in resulting 
hybrids. Results from this study will provide breeders with additional information they 
should consider when breeding high-methionine corn with regards to each method used to 
increase methionine levels as well as any interactions between them. 
Materials and Methods 
Field Procedures 
Two separate experiments were conducted in this study with grain composition 
(especially methionine concentration) and grain yield being of interest for the first and 
second experiments, respectively. In the first experiment, seven different inbred lines, shown 
in Table 1, were selected based on previous information about grain methionine 
concentration. Prior to this study, these lines had not been evaluated for their methionine 
concentration relative to each other, and in this study, we found that assignment of inbreds to 
high or low methionine classes was not always correct. All lines were mated in a complete 
seven-by-seven diallel mating design to produce 49 entries (including inbreds and hybrids). 
Each of the 49 entries was planted in the summers of 2010 and 2011 at the Iowa State 
University Agronomy Farm near Ames, IA. Each field contained two replications planted in 
a randomized complete block design with all entries grown in one-row plots 5.5 m long with 
0.76 m between rows. Four ears per plot were self-pollinated, harvested, dried to ~12% 
moisture, and shelled individually. The second experiment included a yield trial for 42 hybrid 
combinations (excluding inbred parents) produced in the seven-by-seven diallel mating. Each 
of the 42 F1 hybrids were planted in the summer of 2010 in Ames, IA, and 2011 in Hampton, 
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Ames, Eldora, and Cresco, IA, for a total of five locations. Each location contained two 
replications planted in a randomized complete block design with each entry grown in a two-
row plot 5.5 m long with 0.76 m between rows. Each plot was harvested using a combine 
equipped with a weighing unit and moisture meter. Plot yield was calculated from the grain 
weight of each plot following harvest and adjusted to 15.5% grain moisture. 
Grain Composition Analysis 
Methionine concentrations were measured on four ears from each plot using a high-
throughput microbial method outlined by Scott et al. (2004). This method is based on 
measurement of turbidity of bacterial cultures that are auxotrophic for methionine. Thus, 
throughout the manuscript, references to methionine concentration reflect the results of this 
assay. Grain samples from each ear were measured in quadruplicate and averaged to produce 
an average methionine concentration for each ear. Briefly, 10 mg of ground samples were 
randomly weighed in a 96-well, V-bottom plate. Protein extraction and hydrolysis used 0.2 
mg of pepsin suspended in 50 mM KCl buffer adjusted to pH 2.0 with HCl. Plates were then 
centrifuged for 20 min at 1600 g following a 16-h shaking incubation at 37 
o
C. Five µL of the 
resulting hydrolysate were transferred to a second 96-well, flat-bottom plate and inoculated 
with 100 µL of an auxotrophic E. coli strain in M9 minimal medium (P4X, Jacob and 
Wollman, 1961). This strain has a genetic lesion in the methionine biosynthetic pathway so 
that culture growth is limited to the amount of methionine in the medium. Following 
incubation for 8-h at 37 
o
C, the growth of each culture was determined by measuring its 
turbidity at 595 nm using a spectrophotometer. Culture turbidity measurements have been 
shown to be a reliable estimate for methionine concentration compared with standard AOAC 
determinations with turbidity measurements being proportional to amino acid concentrations 
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(Wright and Orman, 1995). Each of the grain samples were produced in 2010 and 2011 at 
Ames, IA, and analyzed for methionine concentration along with protein, starch, and oil 
concentrations predicted by NIRS using a Foss Infratec 1241 grain analyzer (Foss NIR 
Systems, Inc.). 
Statistical analysis 
Griffing’s (1956) experimental method 3, model 1 was fit to the data to calculate 
GCA, SCA, and reciprocal effects for the set of parents included in this study and for all 
traits of interest using Diallel-SAS05 with SAS version 9.4 (Zhang et al., 2005). Griffing’s 
(1956) method 3, model 1 includes all F1 hybrids (including reciprocal crosses) but does not 
include parents. The model contains restrictions to such that GCA effects and SCA effects 
sum to zero. 
The linear model used for each trait (yield, methionine, protein, oil, and starch 
concentration), was: 
Yijkl = µ + αl + νij + bkl + (αν)ijl + eijkl 
νij = gi + gj + sij +rij 
in which Yijkl is the observed trait value for each experimental unit, µ is the grand mean, αl is 
the environment effect, νij is the F1 hybrid effect which equals the GCA for the i
th
 and j
th
 
parent plus the SCA for the ij
th
 F1 hybrid plus the reciprocal effect of the ij
th
 cross, bkl is the 
replication effect nested within each environment, (αν)ijl is the interaction effect between the 
ij
th
 F1 hybrid and environment, and eijkl is the random residual error. All effects in the model 
were fit as fixed effects. Studentized residuals (observed value-predicted value)/standard 
error) were evaluated for their fit to a normal distribution by visual examination of quantile-
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quantile plots. Significance of all factors included in the model was tested by an analysis of 
variance. 
Determination of the effectiveness of each mechanism to increase methionine 
concentration and protein quality (percentage methionine/percentage protein) used several 
contrasts to compare average methionine concentrations and protein quality. These contrasts, 
performed using JMP Pro 11.0 (SAS Institute, 2013), included normal methionine hybrids vs. 
hybrids with each mechanism individually, hybrids with one mechanism vs. two 
mechanisms, hybrids with two copies of fl2 vs. hybrids with one copy of fl2, hybrids with 
two copies of fl2 vs. normal methionine hybrids and, hybrids with one copy of fl2 vs. normal 
methionine hybrids. 
An additional calculation included midparent heterosis for methionine concentration. 
Midparent heterosis was calculated using the following formula [midparent = (mean of F1 − 
mean of parents/mean of parents) × 100]. Specific contrasts were used to determine the 
significance of this effect. 
Several additional contrasts were performed to determine if differences in grain 
quality traits (oil, starch, and protein) were found between hybrids with significantly positive 
SCAs and all other hybrid combinations or inbred parents. 
Results 
Evaluation of Methionine Concentration 
Mean methionine concentrations are presented in Table 2 for all 49 entries in Exp. 1. 
Mean values for self-pollinated inbred parents and F1 hybrid crosses are shown in this table, 
where row and column means do not include inbred values. 
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For the four grain-quality traits analyzed, all genetic sources of variation (GCA, SCA, 
reciprocal effects, heterosis, and variation among inbreds) were significant except inbred 
variation for methionine and heterosis for oil concentration (Table 3). Inbred RS2 had the 
only significant (p = 0.001) estimate for the GCA effect and it was negative (Table 4). Since 
Griffing (1956) constrains the individual SCA effects to zero, positive and significant 
estimates of genetic effects indicate hybrid combinations of interest. RS3/B101, Oh43/RS2, 
and W64A/fl2W64A all had positive and significant SCA estimates with RS3/B101 being the 
only one exhibiting a synergistic effect between two different mechanisms for increasing 
methionine concentration. Conversely, fl2Oh43/RS3 had a significant negative SCA and was 
the only example of an antagonistic interaction between genetic mechanisms. Some of the 
hybrids with high-methionine had one normal methionine parent. We conclude that while 
high-methionine hybrids can be produced when only one inbred parent contains a mechanism 
to increase methionine concentration, it is also possible to produce low methionine hybrids in 
this way as well. 
To further explore the impact of including specific mechanisms for increasing 
methionine in hybrids, comparisons were made between various hybrid combinations 
containing dzr1, recurrent selection, fl2, or more than one of the previously mentioned 
mechanisms to wild-type hybrids lacking any mechanism to elevate methionine. As shown in 
Table 5, most of these comparisons were not significant. Thus, it appears the effectiveness of 
different mechanisms conferring high-methionine in hybrid combinations depends on the 
mechanism and probably on the specific hybrid as well. 
Unlike the SCA effect, the estimates for reciprocal effects are not constrained to zero. 
A positive estimate denotes a hybrid combination has a methionine concentration that is 
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higher than the reciprocal hybrid produced using the same inbred parent pair. The converse 
situation is also true for defining a negative reciprocal effect estimate. Three significantly 
positive reciprocal effects were found with B101/fl2Oh43 and B101/W64A being of interest 
because they contained at least one high-methionine parent. Our results suggest that when the 
selected inbreds are crossed, the directionality of a hybrid cross can be important. We did not 
observe enough reciprocal effects draw a conclusion about the interaction of genetic 
mechanisms regulating grain methionine concentration. 
With the diallel containing two pairs of fl2 mutants and their corresponding wild-type 
genetic background, we were able to completely evaluate the performance of fl2 as a 
mechanism to increase methionine concentration by comparing fl2- and non-fl2-containing 
lines. A significant difference was found between homozygous fl2 hybrids and heterozygous 
fl2 hybrids (p = 0.0328) as well as between homozygous fl2 hybrids vs. wild-type hybrids (p 
= 0.0134) (Table 5). A significant difference was not found between heterozygous fl2 hybrids 
and wild-type hybrids. In summary, we observed fl2 to only have a beneficial effect on 
methionine concentration in a homozygous state as heterozygous fl2 hybrid combinations 
have similar methionine concentrations to wild-type hybrids. This is apparently inconsistent 
with observations of the fl2 mutation, which exhibits a codominant phenotype, but these 
reports were based on the kernel opacity phenotype and not on methionine concentration 
(Emerson et al., 1935). 
To analyze each hybrid combination further, midparent heterosis for methionine 
concentration was calculated. Of the 42 hybrid combinations, 20 were found to have 
significantly lower methionine concentrations than their midparent, while none were found to 
be significantly higher (Table 6). Additionally, 12 of the 20 hybrid combinations contained 
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two high-methionine parents. However, the comparison of all inbreds to all hybrids suggests 
an alternative explanation. The prevalence of negative midparent heterosis for methionine 
concentration (Table 6) together with the highly significant difference between inbred and 
hybrids overall (Table 3) can be explained by the common observation that hybrids have 
higher starch and lower protein concentration than inbreds. The low hybrid methionine 
concentrations could be due to protein dilution of methionine by additional starch in hybrids. 
To determine if this was the case in this study, we next evaluated protein, oil, and starch 
concentrations in the samples that were analyzed for methionine concentration. 
Evaluation of Grain Quality Traits 
Near-infrared spectroscopy was used to predict grain quality traits (protein, starch, 
and oil) for all 49 entries produced by the seven-by-seven diallel (Table 2). On average, 
inbreds were found to have significantly (p = 0.001) higher protein than hybrid combinations, 
while hybrids contained significantly (p = 0.001) higher starch than inbred lines (Table 2). In 
relation to methionine, inbreds were also found to have higher methionine concentrations, on 
average, than grain produced by hybrids. Oil concentrations were not found to be 
significantly different between inbred and hybrid combinations. These data revealed an 
inverse relationship existing between protein and starch when comparing inbred parents and 
resulting hybrid crosses, supporting the idea that methionine concentrations are lower in 
hybrids because hybrids contain more starch. 
Select hybrid combinations with significantly positive SCAs, such as RS3/B101, were 
compared with all other hybrids or inbred parents with regards to their grain quality traits of 
starch, protein, and oil concentration. Although these hybrids were found to have 
significantly (p = 0.0069) higher protein levels than all other hybrid combinations, their 
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average was still significantly (p = 0.001) less than the inbred mean in Table 2 (Table 7). 
Conversely, the average starch concentration of these select hybrids was not significantly 
different from all other hybrid combinations. Additionally, the oil concentrations of high-
methionine hybrid combinations were not significantly different than either the inbred mean 
or all other hybrid combinations. These results suggest mechanisms used to increase the 
methionine concentration result in hybrid grain having similar levels of starch and oil as all 
other hybrid combinations tested. 
Methionine concentration in units of mass of methionine per total dry matter 
describes the absolute amount of methionine present in maize grain. Another measure of 
interest is the amount mass of methionine per unit mass of protein, a quantity that we 
consider to be a measure of protein quality. By analyzing the percentage of protein composed 
of methionine, changes in protein quality could be detected (Table 8). On average, hybrid 
combinations had a higher (p = 0.0256) percentage methionine than the inbred parents. This 
indicates that although the hybrid protein concentration was lower than the inbred parents, 
the quality of protein was improved. 
Similar to methionine concentration, several comparisons were made between the 
different methods to increase methionine for protein quality (Table 9). The protein quality 
between hybrids with only one method to increase methionine was found to be significantly 
(p = 0.0007) lower than hybrids containing two different methods. Taken together with 
hybrids having less protein than inbred parents, the presence of two different methods to 
increase methionine concentration has a beneficial effect on the nutritional quality of maize 
hybrids. 
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Evaluation of Grain Yield 
In addition to grain composition analysis, a separate yield trial experiment was 
completed using all 42 hybrid combinations. Two hybrids, fl2Oh43/RS2 and RS2/fl2Oh43, 
did not have yield data collected because of low germination and were left out of the 
analysis. The genetic effects for yield were estimated in a similar fashion to methionine 
concentration. Mean values for all hybrid combinations across the five tested environments 
are shown in Table 10. 
All genetic factors in the ANOVA, (GCA, SCA, and reciprocal effects) were 
significant for grain yield (Table 11). Similar to methionine analysis, further partitioning of 
the GCAs, SCAs, and reciprocal effects revealed significant combining abilities for 
individual lines and crosses. Evaluation of GCAs revealed that B101, RS3, and fl2W64A 
were all significant, with RS3 having the only positive effect and contributing to some of the 
highest yielding hybrid combinations (Table 12). Following the previous individual SCA 
effect constraints, positive and significant estimates of genetic effects indicate hybrid 
combinations of interest. Nine significant SCA effects were found, with five of them being 
positive. All five with positive estimates involved at least one mechanism to increase 
methionine concentration: fl2Oh43/B101, W64A/B101, fl2W64A/RS2, Oh43/RS2, and 
Oh43/fl2W64A. Using the same criteria as used previously to define the estimates for 
reciprocal effects, three significant effects for yield were found. All included inbred line 
B101 with two of the three being negative and the high-methionine x high-methionine cross 
of B101/fl2W64A having the only positive effect. In summary, hybrids containing RS3 
performed well in yield trials, while the presence of other mechanisms used to increase 
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methionine concentration may result in yield reductions, although some combinations of 
these genetic mechanisms performed well. 
Lastly, to conclude whether the marginal increases in methionine concentration 
produced by fl2 had an associated yield penalty, hybrid combinations of similar genetic 
backgrounds were analyzed. A significant (p = 0.001) difference in yield was found between 
all fl2-containing hybrids and all wild-type-containing hybrids. To determine if a difference 
between genetic backgrounds was present, each was analyzed individually. When all 
fl2Oh43-containing hybrids were compared with all Oh43-containing hybrids, a significant 
difference in yield was found (p = 0.0102), with fl2Oh43-containing hybrids yielding on 
average ~4% less than Oh43-containing hybrids. Similarly, when all fl2W64A-containing 
hybrids were compared with all W64A-containing hybrids, a significant (p = 0.001) 
difference in yield was found with fl2W64A-containing hybrids yielding on average ~11% 
less than W64A-containing hybrids. Based on these findings, we conclude that fl2 causes 
lower yields when used in these hybrid combinations. 
Discussion 
Producing new maize varieties with increased methionine levels is of great interest 
because of the importance of this amino acid as a supplement in poultry diets. Several 
mechanisms exist to improve methionine concentrations, while information regarding how 
these mechanisms act in combination is not available. In the present study, inbred lines with 
three distinct genetic mechanisms for increasing methionine concentration were crossed to 
produce F1 hybrids. The diallel mating design allowed us to investigate how methionine 
concentration is controlled at the genetic level. Understanding the interactions of genetic 
mechanisms to increase methionine concentration was of primary interest; however, because 
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only one or two varieties represent each genetic mechanism, caution should be used when 
drawing conclusions about these interactions. It is possible that these mechanisms perform 
differently in different genetic backgrounds. 
The inclusion of two fl2 inbreds and their wild-type counterparts allowed us to 
evaluate the impact of fl2 on methionine concentration and yield. Heterozygous fl2 hybrids 
were expected to have higher methionine concentrations than their normal methionine 
counterparts, but an increase was only found between homozygous fl2 hybrids and 
homozygous wild-type hybrids. We concluded from our results that the fl2 mutation by itself 
has, at best, marginal value for increasing methionine concentration in this germplasm. Given 
that the yield GCAs for both fl2-containing lines were either not significant or significantly 
negative, producing hybrids with the fl2 allele may result in a yield penalty. It is of note that 
the benefits of fl2 introgression are dependent on the genetic background as the two lines 
tested in the present study behaved differently. Although fl2 has been previously 
characterized as being a codominant gene, our data suggests it behaves similar to a recessive 
gene, at least in the genetic backgrounds used in this study. This conclusion was based on 
comparison of hybrids with a single copy of fl2, which did not differ from wild-type controls, 
while hybrids with two copies of fl2 had increased the methionine concentration. Taken 
together, these data suggest the use of fl2 is not an effective approach to produce high-
methionine in heterozygous maize hybrids but is beneficial in homozygous maize hybrids if 
the added value of increased methionine is sufficient to make up for the yield penalty. 
Of two remaining mechanisms used to increase methionine concentration, both may 
be useful approaches to include in a breeding program. While the effectiveness of dzr1 and 
recurrent selection were shown by Olsen et al. (2003) and Scott et al. (2008), respectively, 
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the present study suggests there may be a benefit of having either or both methods in hybrid 
combination. Current data suggests synergism may exist between dzr1 and recurrent 
selection because of the significant SCA for methionine concentration in the RS3/B101 
hybrid. Further evaluation of hybrid combinations including both mechanisms is needed as 
differing genetic backgrounds have been shown to alter the inheritance of dzr1 and its ability 
to increase methionine levels (Chaudhuri and Messing, 1994). 
Estimates for the genetic effects regulating all traits of interest revealed the 
significance of both GCAs and SCAs. Since the GCA is associated with additive genetic 
effects, selection of lines with positive values would pass favorable alleles on to progeny. 
Conversely, related to GCA, the SCA reflects non-additive genetic effects such as dominance 
and epistasis. The calculated GCA/SCA ratio was >1 for methionine concentration (1.46), 
suggesting additive gene action has a higher importance than non-additive gene action in its 
inheritance. Conversely, calculated ratios for protein (0.48), oil (0.53), starch (0.99), and 
yield (0.92) were less than one suggesting non-additive gene action has a higher importance 
on the inheritance of these traits. With methionine concentration of interest, a higher 
presence of additive gene action is favorable as genes regulating this trait can be selected for 
and fixed before being passed onto progeny. 
Analysis of grain quality traits from the diallel study produced several results of 
interest. Although hybrid combinations generally had lower protein than inbred parents, they 
had higher starch levels than the inbred parents. When comparing those results with the 
select few hybrid combinations having elevated methionine concentrations, the hybrids with 
significantly positive SCAs had comparable starch and oil concentrations to all other hybrid 
combinations, but they had higher protein. In summary, producing high-methionine hybrids 
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with acceptable or improved methionine concentration without altering the balance of 
protein, oil, and starch is possible. 
Producing maize hybrids with increased methionine levels and increased protein 
quality was also of interest in the present study. When each mechanism used to increase 
methionine concentrations were compared with wild-type hybrids, two copies of the fl2 allele 
was able to increase methionine level over wild-type hybrids. Direct analysis of protein 
quality revealed that hybrids with two different methods to increase methionine had higher 
protein quality over hybrids only containing one mechanism. These results suggest that it is 
possible to increase methionine per protein concentration using the genetic mechanisms 
identified to increase methionine concentration. 
Methionine is an interesting amino acid because, unlike lysine and tryptophan, one of 
the main pools of methionine is in the zein seed storage proteins. In the Illinois long-term 
selection experiment, selection for increased protein content resulted in preferential 
accumulation of zeins (Below et al., 2004). It would therefore be reasonable to expect 
methionine concentration to be related to total protein concentration, making it difficult to 
increase grain quality defined as methionine per protein. Another way that methionine is 
different than other amino acids is that it has an unusually large free-amino-acid pool because 
of its roles in sulfur assimilation, S-adenosyl methionine metabolism, and redox regulation. It 
would be reasonable to expect this pool to vary independently of total protein content 
facilitating improvements in protein quality. Our data had fewer significant effects for 
protein quality than methionine concentration, and this is likely a result of the many cellular 
roles played by methionine in seeds. 
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One important consideration is that some inbred lines that were selected for their 
potential to have high-methionine did not have higher methionine concentration than both 
control inbreds (Table 2). One possible explanation for this observation is that the method 
used to quantify amino acids is not accurate. It has been shown that there is a high correlation 
between the AOAC standard method (AOAC International, 1995) for methionine analysis 
and the bacterial assay used in this study (Scott et al., 2008). In addition, it has been shown 
that selection for methionine using the microbial growth method results in populations with 
altered methionine concentration as measured by the AOAC standard high-performance 
liquid chromatography based method (Newell et al., 2014). A second possible explanation is 
that the different mechanisms for controlling methionine concentration are present in 
different genetic backgrounds than the control lines. Genetic background effects may 
influence methionine concentration. One limitation of this study is that all genetic 
mechanisms are not in the same genetic background. The study would have also been 
improved by including lines with higher methionine concentration. 
Reciprocal effects for grain yield in F2 plants were observed. Three crosses were 
found to have significantly different yields than their reciprocal combinations. Differences in 
pollen production and ear traits could cause some hybrids to produce significantly different 
yields depending on parent designation. Maternal or parent-of-origin effects could be 
involved as well. Interestingly, both hybrids exhibiting reciprocal effects for grain yield 
involved the inbred line B101, which carries the dzr1 gene. This gene has been shown to 
have parent-of-origin effects for methionine content (Chaudhuri and Messing, 1994). 
In conclusion, breeders should consider each method to increase methionine and their 
interactions with each other when breeding for high-methionine corn. Both methionine 
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concentration and yield are complex traits and important factors to consider in a breeding 
program. The significance of a genotype x environment interaction effect for both traits adds 
further complexity into any analysis as it indicates the lack of stability across tested 
environments. Crosses combining dzr1 and recurrent selection in hybrid combination can 
elevate methionine concentration to increase grain nutritional quality but may result in 
slightly lower yields based on the germplasm examined here. As a result, we found crosses 
with dzr1 and lines derived from recurrent selection were superior to crosses containing a 
single copy of fl2. 
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Table 1. Inbred lines used in the seven-by-seven diallel study. 
 
Name of  
parent 
 
Characteristics 
B101 Inbred line, high-methionine grain concentration attributed to increased levels of the 10-
kDa zein conferred by the dzr1 gene and derived from the Iowa stiff stalk synthetic 
population. 
RS2 Inbred line, generated from BS31 following two generations of recurrent selection (RS) 
for high-methionine prior to self-pollination. 
RS3 Inbred line, generated from BS31 following three generations of recurrent selection (RS) 
for high-methionine prior to self-pollination. 
fl2Oh43 Inbred line, floury-2 allele fixed in Oh43 genetic background. The number of backcrosses 
is unknown but the mutant line is phenotypically similar to Oh43. 
fl2W64A Inbred line, floury-2 allele fixed in W64A genetic background. The number of backcrosses 
is unknown but the mutant line is phenotypically similar to W64A. 
Oh43 Inbred line, normal methionine control. 
W64A Inbred line, normal methionine control. 
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Table 2. Mean methionine (Met) concentration (g 100 g
−1
 dry wt.), starch, protein, and oil 
concentration (% dry matter) for all 49 entries produced in the diallel study. 
 
♀ 
 
♂ 
B101 RS2 RS3 fl2Oh43 fl2W64A Oh43 W64A Mean† 
B101 Met 0.1904 0.1799 0.1854 0.1953 0.1847 0.1729 0.1900 0.1847 
Protein 16.5545 12.5521 12.9602 13.1131 12.6111 10.4566 11.5722 12.2109 
Starch 65.4036 66.3341 66.2130 70.3420 68.7117 69.9176 69.7210 68.5399 
Oil 4.5888 5.4890 5.5187 4.5313 4.4684 4.5828 5.3760 4.9944 
RS2 Met 0.1631 0.1928 0.1778 0.1756 0.1714 0.1743 0.1686 0.1718 
Protein 11.5873 15.5657 11.5581 11.3926 12.4272 13.4072 11.9192 12.0486 
Starch 69.3677 68.4952 70.4323 70.6702 69.5059 67.6263 69.3920 69.4991 
Oil 4.6681 4.5404 4.4366 4.4879 4.5997 4.3719 4.4811 4.5076 
RS3 Met 0.2005 0.1788 0.1995 0.1717 0.1897 0.1765 0.1832 0.1834 
Protein 14.3986 10.8497 15.4257 10.6368 10.6483 12.6773 13.5017 12.1187 
Starch 70.3838 71.5236 65.4286 71.4074 71.6318 69.5237 68.6215 70.5153 
Oil 4.4519 4.1923 4.4264 4.3908 3.6496 3.9037 4.5354 4.1873 
fl2Oh43 Met 0.1774 0.1594 0.1756 0.1961 0.1909 0.1904 0.1742 0.1780 
Protein 13.4658 13.6369 11.4463 16.3166 12.9107 12.4999 12.4415 12.7335 
Starch 68.8086 68.4782 70.3272 65.1626 66.5454 69.2232 67.0766 68.4099 
Oil 4.3774 4.5557 4.5391 5.5887 5.3065 4.3623 5.3911 4.7553 
fl2W64A Met 0.1770 0.1469 0.1919 0.1920 0.2041 0.1768 0.1918 0.1794 
Protein 9.6652 11.5377 12.9703 13.4148 15.1082 12.5291 12.3301 12.0745 
Starch 71.4334 68.4797 70.0580 67.6496 67.8241 65.3109 67.4000 68.3886 
Oil 4.6223 4.6035 5.5301 5.1787 5.5716 5.2590 5.2232 5.0694 
Oh43 Met 0.1844 0.1843 0.1844 0.1865 0.1820 0.1929 0.1854 0.1845 
Protein 13.4841 11.7148 14.6192 12.3252 13.4427 14.0263 12.4367 13.0038 
Starch 64.4983 66.1482 65.1550 69.6313 67.5042 69.6635 69.5636 67.0834 
Oil 5.0269 4.7505 4.9383 4.5571 4.7785 3.8079 4.5403 4.7653 
W64A Met 0.1701 0.1701 0.1696 0.1863 0.1949 0.1407 0.1868 0.1720 
Protein 12.7023 11.6306 12.6395 13.8255 13.8358 12.4794 13.5024 12.8522 
Starch 69.3737 70.5424 65.1112 66.2850 69.6169 66.5807 66.3693 67.9183 
Oil 3.8467 4.5950 5.6685 4.4345 4.5275 4.6227 4.5113 4.6158 
Mean† Met 0.1788 0.1699 0.1808 0.1846 0.1856 0.1719 0.1828 – 
Protein 12.5506 11.9870 12.6989 12.4513 12.6459 12.3416 12.3669 – 
Starch 68.9776 68.5844 67.8828 69.3309 68.9193 68.0304 68.6291 – 
Oil 4.4989 4.6976 5.1052 4.5967 4.5550 4.5171 4.9245 – 
     Met Starch Protein Oil 
    F1 Hybrid mean† 0.1791 68.6221 12.4346 4.6993 
    F1 Hybrid SD 0.0156 1.9846 1.1758 0.5361 
    Inbred mean‡ 0.1947 66.9067 15.2142 4.7193 
    Inbred SD 0.0134 1.7509 1.2082 0.6581 
    LSD 0.0197 0.7661 0.7747 0.4309 
† Mean does not include inbred values in boldface text. 
‡ Mean only includes inbred values in boldface text. 
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Table 3. Analysis of variance (ANOVA) for the methionine (g 100 g
−1
 dry wt.), oil, protein, 
and starch concentration (% dry matter) linear model. 
 
Source of variation df 
Mean Squares 
Methionine Oil Protein Starch 
Environment 1 0.00003 1.3357*** 4.065*** 10.5625*** 
Replication 2 0.00132*** 0.7883*** 1.5474** 1.0072* 
Average heterosis 1 0.00444*** 0.0096 185.4271*** 70.6191*** 
Inbreds 6 0.00015 1.6608*** 5.0218*** 12.4928*** 
General combining ability 6 0.00054** 0.3466*** 2.8323*** 17.7242*** 
Specific combining ability 14 0.00037* 0.6594*** 5.9450*** 17.9192*** 
Reciprocal effects 21 0.00031* 1.1637*** 4.5131*** 12.5802*** 
Genotype x environment 48 0.00025* 0.1184*** 0.2587 0.1986 
Experimental error 96 0.00015 0.0561 0.2666 0.2299 
CV†  6.27% 5.29% 3.56% 0.63% 
* Significant at the 0.05 probability level. 
** Significant at the 0.01 probability level. 
*** Significant at the 0.001 probability level. 
† Average coefficient of variation of treatment means.  
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Table 4. Estimates for the genetic effects for methionine (Met) (g 100 g
−1
 dry wt.), starch, 
protein, and oil concentration (% dry matter). The estimates for general combining ability 
(GCA) are included in the main diagonal of the table (boldface type). The estimates for 
specific combining ability (SCA) are included below the diagonal. The estimates for 
reciprocal effects are included above the diagonal. 
 
♀ 
 
♂ 
B101 RS2 RS3 fl2Oh43 fl2W64A Oh43 W64A 
B101 Met 0.00198 0.00839 −0.0076 0.01089* 0.00385 −0.0026 0.00995* 
Starch 0.164 −1.5168* −2.0854** 0.7667 −1.3609 2.7097** 0.1737 
Protein −0.0647 0.4824 −0.7192 −0.1763 1.4729* −1.5138** −0.565 
Oil 0.0568 0.4104* 0.5334* 0.077 −0.077 −0.2221 0.7646** 
RS2 Met −0.0027 −0.00766*** −0.0005 0.00741 −0.0002 −0.0071 −0.0007 
Starch −1.4388* 0.5036 −0.5457 1.096 0.5131 0.739 −0.5752 
Protein 0.1999 −0.5002* 0.3542 −1.1221* 0.4447 0.8462 0.1443 
Oil 0.4385* −0.1160* 0.1222 −0.0339 −0.0019 −0.1893 −0.0569 
RS3 Met 0.00868* 0.00364 0.00242 −0.0026 −0.0011 −0.0039 0.00679 
Starch −1.1801 1.16 0.6924 0.5401 0.7869 2.1844* 1.7552 
Protein 1.3404* −0.6996 −0.0309 −0.4047 −1.1610* −0.9709* 0.4311 
Oil 0.2929 −0.2052 −0.0637 −0.0741 −0.9402** −0.5173* −0.5666* 
fl2Oh43 Met 0.00686 −0.0029 −0.00941* −0.0004 0.00756 0.00395 −0.006 
Starch 0.4912 0.1506 1.2549 0.298 −0.5521 −0.204 0.3958 
Protein 0.7301 0.391 −1.5515** 0.1894 −0.252 0.0874 −0.692 
Oil −0.2738 −0.0335 −0.1428 −0.0279 0.0639 −0.0974 0.4783* 
fl2W64A Met −0.0045 −0.0041 0.00498 −0.0021 0.00351 −0.0026 −0.0016 
Starch 1.2482 −0.1711 1.4922* −1.8609* 0.0383 −1.0966 −1.1084 
Protein −1.1425* 0.1373 −0.5052 0.628 −0.0892 −0.4568 −0.7528 
Oil −0.3463 −0.1172 −0.1813 0.4357* 0.1355* 0.2402 0.3479 
Oh43 Met −0.0068 0.00866* −0.0023 0.00653 −0.0068 0.00046 0.01281* 
Starch −0.2999 −0.9602 −0.6969 1.7854* −1.6715* −1.2782* 1.4914* 
Protein −0.6853 0.3409 0.9589* −0.4971 1.3137* 0.2857 −0.0214 
Oil 0.1185 0.0477 −0.1449 −0.1419 0.1088 −0.0698 −0.0412 
W64A Met −0.0015 −0.0026 −0.0056 0.00106 0.01024* −0.0016 −0.0003 
Starch 1.1793 1.2595 −2.0301* −1.8212* 0.2661 1.1463 −0.418 
Protein −0.4426 −0.3694 0.457 0.2996 0.5276 −0.4722 0.2099 
Oil −0.2298 −0.1302 0.3813* 0.1564 −0.0445 −0.1331 0.085 
* Significant at the 0.05 probability level. 
** Significant at the 0.01 probability level. 
*** Significant at the 0.001 probability level. 
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Table 5. Methionine concentration (g 100 g
−1
 dry wt.) comparisons for hybrid combinations 
with different methods to increase methionine. 
 
Hybrid comparisons† 
Hybrid 
type† 
N Mean Hybrid type† N Mean p-value 
WT vs. 1 system WT 2 0.1755 1 system 20 0.1803 0.3172 
WT vs. 2 systems WT 2 0.1755 2 systems 20 0.1807 0.2721 
1 system vs. 2 systems 1 system 20 0.1803 2 systems 20 0.1807 0.8165 
WT vs. dzr1 WT 2 0.1755 dzr1 4 0.1778 0.6847 
WT vs. RS WT 2 0.1755 RS 8 0.1769 0.7866 
WT 2 0.1755 RS2 4 0.1753 0.9714 
WT 2 0.1755 RS3 4 0.1784 0.5964 
WT vs. fl2/+ WT 2 0.1755 fl2/+ 8 0.1809 0.0655 
WT vs. fl2/fl2 WT 2 0.1755 fl2/fl2 2 0.1915 0.0134 
fl2 vs. fl2/fl2 fl2/+ 8 0.1809 fl2/fl2 2 0.1915 0.0328 
† WT, hybrids produced using two normal methionine inbreds; 1 system, hybrids produced 
using one normal methionine inbred and one containing a mechanism to increase methionine; 
2 systems, hybrids containing two different mechanisms to increase methionine; dzr1, 
hybrids produced using B101 and one normal methionine inbred; RS, hybrids produced using 
one recurrently selected inbred and one normal methionine inbred; fl2/+, hybrid produced 
using one fl2 inbred and one normal methionine inbred; fl2/fl2, hybrids produced using two 
fl2 inbreds. 
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Table 6. Single-factor analysis of variances (ANOVAs) between hybrid combinations and 
midparent (MP) methionine concentration (g 100 g
−1
 dry wt.). 
 
F1 hybrid 
Hybrid 
mean 
MP MP heterosis (%) 
B101/RS2 0.1799 0.1916 −6.09 
B101/RS3 0.1854 0.1916 −3.22 
B101/fl2Oh43 0.1953 0.1933 1.04 
B101/fl2W64A 0.1847 0.1972 −6.35 
B101/Oh43 0.1729 0.1916 −9.80 
B101/W64A 0.1900 0.1860 2.15 
RS2/B101 0.1598 0.1916 −16.57*** 
RS2/RS3 0.1785 0.1971 −9.43* 
RS2/fl2Oh43 0.1756 0.1944 −9.69* 
RS2/fl2W64A 0.1714 0.1984 −13.62*** 
RS2/Oh43 0.1743 0.1928 −9.61 
RS2/W64A 0.1686 0.1872 −9.92** 
RS3/B101 0.2005 0.1959 2.33 
RS3/RS2 0.1788 0.1971 −9.28* 
RS3/fl2Oh43 0.1734 0.1988 −12.79*** 
RS3/fl2W64A 0.1897 0.2028 −6.45 
RS3/Oh43 0.1765 0.1972 −10.46* 
RS3/W64A 0.1832 0.1915 −4.32 
fl2Oh43/B101 0.1774 0.1933 −8.20* 
fl2Oh43/RS2 0.1573 0.1944 −19.11*** 
fl2Oh43/RS3 0.1773 0.1988 −10.82** 
fl2Oh43/fl2W64A 0.1884 0.2001 −5.85 
fl2Oh43/Oh43 0.1904 0.1945 −2.10 
fl2Oh43/W64A 0.1742 0.1889 −7.75* 
fl2W64A/B101 0.1770 0.1972 −10.26** 
fl2W64A/RS2 0.1469 0.1984 −25.98*** 
fl2W64A/RS3 0.1919 0.2028 −5.38 
fl2W64A/fl2Oh43 0.1733 0.2001 −13.41*** 
fl2W64A/Oh43 0.1768 0.1985 −10.94* 
fl2W64A/W64A 0.1918 0.1928 −0.55 
Oh43/B101 0.1844 0.1916 −3.79 
Oh43/RS2 0.1843 0.1928 −4.42 
Oh43/RS3 0.1844 0.1972 −6.49 
Oh43/fl2Oh43 0.1865 0.1945 −4.11 
Oh43/fl2W64A 0.1820 0.1985 −8.31 
Oh43/W64A 0.1913 0.1872 2.18 
W64A/B101 0.1701 0.1860 −8.55* 
W64A/RS2 0.1701 0.1872 −9.13** 
W64A/RS3 0.1696 0.1915 −11.42** 
W64A/fl2Oh43 0.1863 0.1889 −1.38 
W64A/fl2W64A 0.1949 0.1928 1.09 
W64A/Oh43 0.1407 0.1872 −24.86** 
* Significant at the 0.05 probability level. 
** Significant at the 0.01 probability level. 
*** Significant at the 0.001 probability level. 
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Table 7. Grain quality trait (oil, starch, and protein [% dry matter]) comparisons for hybrids 
with significant specific combining abilities (SCAs) to all other hybrid combinations and 
inbred parents. 
 
Trait Comparison group N Mean Comparison group N Mean p-value 
Oil Significantly positive SCAs 3 4.5766 All other hybrids 39 4.7087 0.0658 
Oil Significantly positive SCAs 3 4.5766 Inbred parents 7 4.7193 0.0842 
Starch Significantly positive SCAs 3 68.7163 All other hybrids 39 68.6148 0.4817 
Protein Significantly positive SCAs 3 13.3164 All other hybrids 39 12.3668 0.0069 
Protein Significantly positive SCAs 3 13.3164 Inbred parents 7 15.2142 0.0001 
 
 
 
Table 8. Protein quality (% methionine/% total protein) for all 49 entries produced in the 
diallel study. 
 
♀ 
♂ 
Mean† 
B101 RS2 RS3 fl2Oh43 fl2W64A Oh43 W64A 
B101 0.0115 0.0143 0.0145 0.0152 0.0147 0.0166 0.0164 0.0153 
RS2 0.0141 0.0124 0.0154 0.0155 0.0138 0.0130 0.0142 0.0143 
RS3 0.0139 0.0165 0.0130 0.0160 0.0178 0.0139 0.0136 0.0153 
fl2Oh43 0.0132 0.0119 0.0153 0.0120 0.0148 0.0152 0.0140 0.0141 
fl2W64A 0.0184 0.0149 0.0148 0.0143 0.0135 0.0141 0.0156 0.0154 
Oh43 0.0132 0.0162 0.0126 0.0148 0.0135 0.0132 0.0149 0.0142 
W64A 0.0134 0.0147 0.0135 0.0135 0.0141 0.0133 0.0139 0.0137 
Mean† 0.0144 0.0147 0.0144 0.0149 0.0148 0.0143 0.0148  
       F1 hybrid mean† 0.0146 
       F1 hybrid SD 0.0018 
       Inbred mean‡ 0.0128 
       Inbred SD 0.0013 
       LSD 0.0018 
† Mean does not include inbred values in boldface text. 
‡ Mean only includes inbred values in boldface text. 
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Table 9. Protein quality (% methionine/% protein) comparisons for hybrid combinations with 
different methods to increase methionine. 
 
Hybrid comparisons† 
Hybrid 
type† 
N Mean 
Hybrid 
type† 
N Mean p-value 
WT vs. 1 system WT 2 0.0141 1 system 20 0.0143 0.6306 
WT vs. 2 systems WT 2 0.0141 2 systems 20 0.0150 0.0518 
1 system vs. 2 systems 1 system 20 0.0143 2 systems 20 0.0150 0.0007 
WT vs. dzr1 WT 2 0.0141 dzr1 4 0.0149 0.1237 
WT vs. RS WT 2 0.0141 RS 8 0.0140 0.7742 
 WT 2 0.0141 RS2 4 0.0145 0.4339 
 WT 2 0.0141 RS3 4 0.0134 0.1930 
WT vs. fl2/+ WT 2 0.0141 fl2/+ 8 0.0144 0.5712 
WT vs. fl2/fl2 WT 2 0.0141 fl2/fl2 2 0.0146 0.4325 
fl2/+ vs. fl2/fl2 fl2/+ 8 0.0144 fl2/fl2 2 0.0146 0.6690 
† WT, hybrids produced using two normal methionine inbreds; 1 system, hybrids produced 
using one normal methionine inbred and one containing a mechanism to increase methionine; 
2 systems, hybrids containing two different mechanisms to increase methionine; dzr1, 
hybrids produced using B101 and one normal methionine inbred; RS, hybrids produced using 
one recurrently selected inbred and one normal methionine inbred; fl2/+, hybrid produced 
using one fl2 inbred and one normal methionine inbred; fl2/fl2, hybrids produced using two 
fl2 inbreds. 
 
 
 
Table 10. Mean yield (kilogram per hectare) for all 42 hybrid combinations produced in the 
diallel study. 
 
♀ 
♂ 
Mean 
B101 RS2 RS3 fl2Oh43 fl2W64A Oh43 W64A 
B101 – 2002.99 6398.77 6055.42 5916.70 3815.79 6136.40 5054.24 
RS2 5821.29 – 4819.48 – 6243.73 7699.37 6415.72 6199.79 
RS3 5580.88 4809.44 – 7150.76 6693.79 7345.35 7361.67 6490.42 
fl2Oh43 5753.50 – 7976.18 – 5634.86 3364.47 6592.73 5864.60 
fl2W64A 3480.60 6278.26 5957.50 6217.37 – 5903.52 3296.05 5189.20 
Oh43 5665.62 7659.20 8220.36 3751.76 5990.77 – 6782.30 6344.79 
W64A 6051.66 6536.24 7567.55 6337.26 3122.81 6751.54 – 6061.07 
Mean 5392.57 5457.22 6823.10 5902.89 5600.34 5813.13 6097.48 – 
      Grand mean† 5877.78 
      LSD 1882.47 
† Mean of all F1 hybrid crosses. 
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Table 11. Analysis of variance (ANOVA) for the yield (kilogram per hectare) linear model. 
 
Source of variation df Mean squares 
Environment 4 257517953.30*** 
Replication 5 2924966.90* 
GCA 6 32436323.02*** 
SCA 13 35128434.92*** 
Reciprocal effects 20 6511335.38*** 
Genotype x environment 156 2633432.06*** 
Experimental error 195 998092.00 
CV†  17.95% 
* Significant at the 0.05 probability level. 
** Significant at the 0.01 probability level. 
*** Significant at the 0.001 probability level. 
† Average coefficient of variation of treatment means. 
 
 
 
Table 12. Estimates for the genetic effects for yield (kilogram per hectare). The estimates for 
general combining ability (GCA) are included in the main diagonal of the table (boldface 
type). The estimates for specific combining ability (SCA) are included below the diagonal. 
The estimates for reciprocal effects are included above the diagonal. 
 
♀ 
♂ 
B101 RS2 RS3 fl2Oh43 fl2W64A Oh43 W64A 
B101 −786.78*** −1909.36*** 408.97 150.99 1217.91** −924.93* 42.50 
RS2 −1129.45** −50.49 5.00 --- −17.50 20.00 −60.50 
RS3 −35.98 −1947.19*** 933.39*** −412.97 367.97 −437.47 −102.99 
fl2Oh43 808.11* --- 746.82 4.30 −291.48 −193.49 127.49 
fl2W64A 187.70 1013.80** 94.41 624.02 −581.20** −43.50 86.49 
Oh43 −591.84 1610.65*** 730.26 −2565.34*** 1139.24** 240.34 15.50 
W64A 761.46* 407.14 411.68 341.35 −2328.91*** 407.28 240.44 
* Significant at the 0.05 probability level. 
** Significant at the 0.01 probability level. 
*** Significant at the 0.001 probability level. 
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Abstract 
 
Maize cultivar performance can vary widely among different production systems. The 
need for high-performing hybrids for organic systems with wide adaptation to various 
macroenvironments is becoming increasingly important. The goal of this study was to 
characterize inbred lines developed by distinct breeding programs for their combining ability 
and hybrid yield performance across geographically diverse environments. The parent lines 
were selected from five different breeding programs to give a sample of publically available 
germplasm with potential for use in organic production systems. A North Carolina Design II 
mating design was used to produce all possible cross combinations between seven lines 
designated as males and seven lines designated as females. A significantly positive general 
combining ability for the female inbred UHF134 suggests it performs well in hybrid 
combination while the absence of a significant general combining ability for any male inbred 
line indicates that none of the males outperformed the rest of the group in this study. Several 
significantly positive specific combining abilities suggest that non-additive genetic effects 
play an important role in determining yield in this germplasm. Further hybrid and 
environment analysis revealed that in some cases crossing two inbreds from different 
breeding programs produced hybrids, such as LH132/B116, with high yield performance and 
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stability. In this study, hybrids containing at least one Ex-PVP line or one inbred adapted to 
the Corn Belt performed well across all test environments and organic production systems. 
Introduction 
Organic production systems differ from conventional farming systems in many 
aspects. Most notably, conventional methods may utilize synthetic pesticides and fertilizers 
while the use of such resources is not permitted under certified organic standards. The vast 
majority of maize varieties available to organic producers in the USA are hybrids developed 
for conventional production systems (Murphy et al., 2005; Carr et al., 2006). The majority of 
these hybrids contain transgenes and are usually marketed as seed treated with pesticides 
and/or fungicides that are prohibited in certified organic production systems. The 
performance of conventional cultivars in organic systems may be less than desired due to 
poor adaptation to low-chemical inputs and organic growing conditions (Carr et al., 2006; 
Lammerts van Bueren and Verhoog, 2006). This has prompted several breeding programs to 
develop hybrids specifically for organic production systems where integrated farm 
management practices are followed. Due to a genotype-by-production system interaction, 
separate breeding programs are needed in order to optimize yields for organically produced 
grain (Murphy et al., 2007). These breeding programs use germplasm that do not contain 
transgenes and carry out selection under organic production conditions. Additionally, they 
focus on traits of interest to organic producers such as native insect and disease resistance, 
tolerance to the presence of weed competition and mechanical weed control and productivity 
in low-chemical management systems. Other breeding programs, such as a few of the ones 
contributing inbreds for this study, select for germplasm based on its overall performance in 
organic conditions and indirectly select for the previously mentioned traits. 
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Environments and production practices can differ greatly between individual organic 
farms and they may contribute to the varying performance organic farmers report for a single 
cultivar (Lammerts van Bueren et al., 2011; Murphy et al., 2007). Additionally, modern 
maize cultivars have been selected for improved tolerance to high plant densities and 
increased productivity on a per acre basis (Duvick, 2005; Tokatlidis and Koutroubas, 2004), 
and may have differing performance under organic systems. The need for developing organic 
maize hybrids with high yield performance in differing environments presents both a 
challenge and an opportunity for breeding programs in both the public and private sector. 
The expanding demand for organic grain is currently not being met (McBride and Greene, 
2015) and approaches for meeting the challenge of producing broadly adapted, high-yielding 
hybrids for organic production systems has not been explored extensively. In this study, we 
assessed the performance of a series of hybrids produced by intercrossing inbred parents 
selected for their yield potential and adaptation to organic systems. The suitability of the 
hybrids for organic production systems was evaluated across macroenvironments in a multi-
year study to identify those hybrids with high yield performance and stability. 
The development of widely adapted cultivars by both public and private breeding 
programs has been largely successful. In the public sector, the International Maize and Wheat 
Improvement Center’s breeding program focuses on the development of germplasm with 
wide adaptation, high and stable yields, and resistance to multiple diseases across a wide 
spectrum of macroenvironments (Braun et al., 1996; Ortiz et al., 2007). Similarly, the private 
sector also has adopted wide-area testing in order to screen maize hybrids for superior 
performance (Troyer, 1996; Tollenaar and Lee, 2002). The success of each program requires 
the testing of all germplasm under optimal conditions to determine the yield potential along 
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with multi-environment testing in diverse locations to screen for biotic and abiotic stress 
tolerance (Braun et al., 1996; Troyer, 1996). It is believed that high levels of genetic diversity 
not only increases yield potential and stability, but is also capable of producing widely 
adapted lines (Braun et al., 1996). Adaptation selection is in part based on maturity since 
earlier maize is usually more productive in a larger range of environments than late maturing 
maize (Troyer, 1996). It is of note that early maturity maize generally yields less than full-
season hybrids (Lauer, 1999). Possibly the most well-known case of breeding for wide 
adaptation in the USA was the development of maize for the US Corn Belt which resulted 
from crossing late southern dents with early northern flints. This breeding approach of 
crossing widely diverse inbred lines, along with the well-known history of maize developing 
from farmer mass selected open-pollinated varieties to double and single cross hybrids, 
became widely successful as individual hybrids were capable of commercial production 
across the entire USA except in northern regions where the maturities were too late (Troyer, 
1996). In this study, we attempted to produce widely adapted hybrids by crossing genetically 
diverse inbred lines with varying maturities and adaptation to largely varied environments 
and geographical locations. 
The North Carolina Design II, or factorial mating design, has been shown to be highly 
advantageous for determining combining abilities in cross-pollinated crops (Beil and Atkins, 
1967; Cukadar-Olmedo et al., 1997; Comstock and Robinson, 1952). For this mating design, 
all possible cross combinations are made between two different groups of inbred lines 
designated as either male or female, typically based on pedigree history and heterotic group. 
Trait measurements from each cross allows for the general combining ability (GCA) and 
specific combining ability (SCA) to be determined for each inbred or hybrid combination, 
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respectively. GCA is defined as the average performance of a given parent in hybrid 
combination while SCA is defined as the average performance of a hybrid relative to the 
average performance of each parent (Sprague and Tatum, 1942). Both concepts have been 
exploited extensively by public and private breeding programs to identify the best strategy 
for developing high performing maize hybrids (Hallauer et al., 2010). 
Multi-environment trials (METs) are conducted to increase the likelihood that 
superior lines perform well within their targeted environment (Yan and Rajcan, 2002) and 
METs can aid in determining the extent of their productive range. Although the basic 
principles of METs are easily understood, data analysis results can be difficult to interpret. 
Some of the issues breeders encounter during MET analysis includes the difficulty of 
understanding the test locations and interpreting the differential genotype performance across 
environments (Yan, 1999). Thus, a visual data analysis tool, like the GGE-biplot, is 
beneficial for evaluating and reducing the complexity of a MET data set. 
The GGE-biplot method utilizes principal component analysis to explore MET data 
and evaluate cultivar performance. Phenotypic trait measurements (such as grain yield) 
include the combined effects for genotype (G), environment (E), and the G x E interaction. 
Not all of these effects are relevant in cultivar evaluation as individual environments cannot 
be replicated. Thus, only the G and G x E interaction (commonly referenced as GGE) are 
considered when evaluating the performance of individual hybrids (Yan, 1999; Yan et al., 
2000). A biplot is a two dimensional representation of multivariate data and it was originally 
developed by K.R. Gabriel (1971). Each biplot is constructed using the primary and 
secondary effects, or principle components 1 and 2 respectively, as main axes. The need for a 
biplot model based on environment-centered data led to development of the GGE-biplot 
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(Yan, 1999). As described by Yan et al. (2000), a GGE-biplot is produced when the 
environment main effect is removed from a MET data set, leaving only the genotype main 
effect and the G x E interaction effect. Principal component analysis of this multi-
dimensional data allows researchers to focus on the most important and reproducible 
dimensions contributing to trait variation which is displayed in a user-friendly fashion (Yan, 
1999; Yan et al., 2000; Yan and Tinker, 2005). 
The main objectives of this study were (1) to evaluate maize inbreds and testcrosses 
developed in different organic environments by separate breeding programs for their 
combining ability and (2) to determine if crossing these inbreds has an effect on hybrid yield 
performance in widely varying environments. Results from this study may facilitate 
cooperation among breeding programs by revealing which inbred lines are good to use in 
hybrid combination and may identify one or more specific hybrids with high yield 
performance across different environments to provide unique and productive germplasm for 
organic farmers. 
Materials and Methods 
Field procedures 
Forty-nine hybrids were produced by crossing seven inbred lines designated as 
females to seven different inbred lines designated as males using a North Carolina Design II 
(Comstock and Robinson, 1952). Each of five cooperating institutions submitted one male 
and one female line developed in their breeding programs. Of the remaining four inbreds, 
two were expired-plant variety protection (Ex-PVP) lines and two were current commercial 
inbreds. Both Ex-PVP inbred lines, LH82 (PVP certificate number 8500037, became 
available in 2003) and LH132 (PVP certificate number 8300148, became available in 2003), 
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were originally developed by Holden’s Foundation Seeds Incorporated (Williamsburg, IA). 
A summary of the lines used in this study is presented in Table 1. Hybrid seed was produced 
in 2013 at the Iowa State University Agronomy Farm near Ames, IA and at the Montgomery 
Consulting nursery near Maroa, IL. The resulting 49 hybrids were then evaluated at 10 
location-year combinations during 2014 and 2015. All yield trial test sites were certified 
organic and complied with USDA certification. The name and code of each test location and 
hybrid combination can be found in Tables 2 and 3, respectively. Each location contained 
two replications planted in a randomized complete block design. All entries were grown in 
two-row plots averaging 5.5 meters long with 0.76 meters between rows except at the New 
Mexico locations, which used one-row plots on 1.02 meter centers in an irrigated bed and 
furrow system. Each plot was machine harvested with grain weight and moisture recorded. 
Plots in New Mexico were hand-harvested and shelled using an Almaco stationary sheller. 
Plot yield was determined using the grain weight of each plot adjusted to 15.5% grain 
moisture. 
Statistical analysis 
In order to understand the relative contributions of different sources of variance in the 
yield measurements, a linear model was fit to the data using a least squares fitting personality 
to estimate the model effects in JMP Pro 11.0 (SAS Institute, 2013). The model used was: 
Yijkl = µ + fi + mj + (fm)ij + vk + rl(k) + (vf)ik + (vm)jk + (vfm)ijk + eijkl 
in which Yijkl is the observed yield value for each experimental unit, µ is the grand mean, fi is 
the female effect, mj is the male effect, (fm)ij is the interaction effect between the i
th
 female 
and j
th
 male, vk is the environment effect, rl(k) is the replication effect nested within each 
environment, (vf)ik is the interaction effect between the i
th
 female and environment, (vm)jk is 
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the interaction effect between the j
th
 male and environment, (vfm)ijk is the interaction effect 
between the female, male, and environment, and eijkl is the random residual error. The 
female, male and female x male interaction model terms were fit as fixed effects while all the 
remaining terms were fit as random effects. To identify outliers, studentized residuals 
(observed value-predicted value)/standard error) were evaluated for their fit to a normal 
distribution by visual examination of quantile-quantile plots. Data points >3.5 standard 
deviations from the mean or visually deviating from the trend line in the quantile-quantile 
plots were considered outliers. Based on these criteria, no outliers were found and all data 
points were retained in the data set. Significance of all terms included in the linear model was 
tested by an analysis of variance. 
Estimates and significance for the general (GCA) and specific (SCA) combining 
abilities were determined using terms in the linear model outlined previously. Male and 
female model effects are estimators of the GCA for each parent, respectively, while the 
female x male interaction model effect estimates SCA (Hallauer et al., 2010). Specific 
contrasts were used to further partition each GCA or SCA effect to determine if any 
individual parent lines or testcrosses had a significant difference in their average performance 
based on definitions outlined by Sprague and Tatum (1942). 
A genotype-by-environment matrix was constructed using the mean yield of each 
genotype in each environment. GGE-biplots were generated from this matrix using R 
software version 3.1.2 and the ‘GGEBiplotGUI’ package outlined by Frutos et al. (2014). 
Biplot parameters included: no data scaling, tester-centered G + GE, and the column metric 
preserving singular value partitioning method. Environmental yield stability was determined 
by the GGE-biplot as the distance from each hybrid to the average environment axis. 
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Results 
The mean yield for all hybrid combinations and locations included in the study was 
7.62 Mg ha
-1
. Mean yields are presented in Table 4 for all 49 entries evaluated in this study. 
Row and column means were calculated to determine the average performance of a given 
inbred line across all seven hybrids. 
When evaluating individual environments for yield performance, several results were 
of interest. Only three of the seven female lines were found in the highest yielding hybrid for 
each environment with female lines UHF134 and LH132 composing 80% of the highest 
yielding hybrids (Table 5). Similarly, only four of the seven male lines contributed to the 
highest yielding hybrids with B116 and HSB151 composing 70% of these hybrids. In most 
environments, the hybrid with the highest performance yielded >3 Mg ha
-1
 over the 
environment average for all hybrids tested.  
All genetic sources of variation investigated were significant except the male parent 
GCA (Table 6). The female and male model effects are estimates of GCA for each parent 
while the female x male interaction estimates the SCA. With the GCA and SCA reflecting 
additive and non-additive genetic effects, respectively, the significance of each indicates the 
types of gene action responsible for determining yield (Hallauer et al., 2010). Further 
partitioning of the female parent GCA model term revealed two inbred lines, AR2 and 
UHF134, had significant GCAs (Table 7). With UHF134 having the only positive GCA, this 
inbred line had the best general combining ability of all the lines included in this study. A 
lack of significance for any male parent suggests that none of the male lines outperformed 
the rest of the group in this study. Similar to the female effect, further partitioning of the 
female x male interaction (SCA) effect revealed ten hybrids had significant SCA estimates 
(Table 7). Four hybrids (GEMS-0002/LMPNG28, UHF134/LMPNG28, GEMS-0002/4334, 
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UHF134/NuMex-01) had positive SCA estimates while the other six hybrids (AR2/HSB151, 
BX006/LH82, UHF134/LH82, 3633/LMPNG28, GEMS-0002/NuMex-01, LH132/NuMex-
01) had negative SCA estimates. 
Significance of the genotype (female x male interaction effect) and genotype x 
environment interaction effects supports the use of a GGE-biplot for yield data analysis. High 
performing genotypes can be easily identified using these plots which utilize a principle 
component analysis to generate major axes. This analysis showed that principle component 
one accounted for 33.5% of the total variability alone while principle component two 
accounted for 16.6%. Thus, principle components one and two captured ~50% of the total 
variability (Figures 1-3, 5). 
A ‘which-won-where’ biplot (Figure 1) allows for the best genotypes in each 
environment to be easily recognized. Identification of superior cultivars requires a polygon to 
be drawn by connecting the genotypes farthest from the biplot origin. Lines perpendicular to 
each polygon side and originating from the biplot origin are added in order to separate the 
plot into several sectors (Frutos et al., 2014). Hybrids occupying a polygon vertex showed 
superior performance in the environments contained in the same sector. In this study, the 
‘which-won-where’ biplot revealed that all ten environments were contained in four sectors 
(Figure 1). The sector containing environments 1a, 4a, 4b, 5a, and 6a was won by 
UHF134/NuMex-01 (G42). Three other locations, 3a, 3b, and 6b, were found in a second 
sector won by UHF134/LMPNG28 (G41). In the remaining two sectors, 75-062/LH82 (G36) 
won in 2a and LH132/HSB151 (G64) won in 2b. Other polygon vertex genotypes, such as 
G14 and G25, did not have any environments located within their defined sector and are 
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located far from all location markers. This suggests that not only were these hybrids the 
poorest-yielding but they were also low yielding at some or all of the locations evaluated. 
The ‘discriminativeness vs. representativeness’ biplot (Figure 2) determines an 
average environment based on genotype performance at each location and draws an average-
environment-axis (AEA) to allow the representativeness and discriminating power of each 
environment to be visualized. The average environment is estimated by averaging the 
coordinates of all environments with the AEA determined by transecting these coordinates 
with a line originating from the biplot origin. The longer an environment vector is from the 
biplot origin, the more discriminating (or informative) power that environment has while a 
shorter vector indicates less discriminating ability. Additionally, those environments having a 
small angle with the AEA are more representative of other test environments compared to 
those with larger angles (Yan, 2001). In this study, Jefferson, IA-2014 (E6a) was the most 
representative environment of all locations with Las Cruces, NM-2015 (E2b) being the least 
representative (Figure 2). Las Cruces, NM-2014 (E2a) was the most discriminative with 
Jefferson, IA-2014 (E6a) being the least discriminative. Of the environments included in this 
study, Jefferson, IA-2015 (E6b) was found to be the most discriminating and representative 
of all environments based on its vector length and angle with the AEA. 
The ‘mean vs. stability’ biplot (Figure 3) also defines the average environment and 
draws an AEA through these coordinates. The single arrow on the AEA line points towards 
genotypes with the highest mean yield across all environments while the length of the vector 
from the AEA line represents yield stability. A longer vector correlates with lower yield 
stability while a short vector correlates with high yield stability (Yan, 2001). In this study, 
LH132/LH82 (G66), LH132/B116 (G65), UHF134/NuMex-01 (G42), UHF134/LMPNG28 
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(G41), and UHF134/B116 (G45) were the top five yielding hybrids based on GGE-biplot 
evaluation (Figure 3). Interestingly, three of the top five yielding hybrids have the inbred line 
UHF134 as the female parent. UHF134/B116 (G45), LH132/32311C-A (G63), LH132/B116 
(G65), LH132/NuMex-01 (G62), 75-062/NuMex-01 (G32) were the top five hybrids for 
yield stability. Furthermore, four of the hybrids with high yield stability had inbred B116 or 
LH132 as the male or female parent, respectively. When evaluating hybrids for both yield 
and yield stability, LH132/B116 (G65) was found to have the highest mean yield and yield 
stability across all test environments. 
Further analysis of hybrid yield stability revealed that crosses between inbreds from 
the same breeding program were not different than crosses between inbreds from different 
breeding programs. As shown in Table 8, within program hybrids expressed high to very low 
yield stability while between program crosses showed very high to very low yield stabilities. 
Three of the within program crosses had high stability with another three having low stability 
and one hybrid had very low stability. Over 50% of the between program crosses had high to 
very high yield stability with 85% of the remaining hybrids having low stability. Of the nine 
hybrids found to have very high yield stability, all were between program crosses which may 
support that high yield stability can be achieved by crossing inbred lines developed from 
geographically diverse breeding programs. 
The ‘ranking environments’ biplot (Figure 4) defines a hypothetical ideal 
environment based on the test environments and allows for comparisons to be made between 
actual environments and a hypothetical ideal environment. The ideal environment is defined 
as the most discriminating and representative with the biplot generating a ranking of the test 
environments based on both criteria. The hypothetical ideal environment is located at the 
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center of the concentric circles (Figure 4), with the test environment closest to the center of 
the concentric circles being the most discriminating and representative (Yan, 2001). As 
previously suggested in Figure 2, the ‘ranking environments’ biplot also expressed Jefferson, 
IA-2015 (E6b) as the environment closest to an ideal testing location for the hybrids 
evaluated in this study (Figure 4). Several other environments clustered together and had 
similar discriminating and representative abilities. These included: Penn Yan, NY-2014 
(E3a), Ames, IA-2014 (E4a), Carroll, IA-2014 (E5a), Jefferson, IA-2014 (E6a), Ames, IA-
2015 (E4b), and Jefferson, IA-2015 (E3b). Las Cruces, NM-2014 (E2a) and Las Cruces, 
NM-2015 (E2b) were found to be the poorest environments to select for hybrid performance. 
Based on these results, Jefferson, IA-2015 (E6b) is the best environment for selecting 
superior testcrosses compared to all other environments included in this study. 
Discussion 
Producing new organic maize varieties with high performance and yield stability is of 
great interest due to the increase in consumer demand for products derived from organic 
maize. This high demand has driven the grain price for this market class over $11.00/bu and 
has resulted in a 625% increase in organic maize acreage since 1995 (USDA, 2016). Organic 
farmers are largely restricted to hybrids developed for conventional production systems that 
may have differing performance when organic production practices are used (Lorenzana and 
Bernardo, 2008; Murphy et al., 2007). In addition to the need for evaluating organic hybrids 
in organic production systems, generating hybrids from inbred parents adapted to different 
environments may increase the adaptability of those hybrids across geographically diverse 
environments. 
One novel aspect of this study is that we combined inbred lines developed by 
different breeding programs to make hybrids. For each breeding program, one hybrid was 
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made with both parents originating from that program. The other hybrids in the study were 
made from inbreds contributed by different breeding programs. Evaluation of the 49 different 
hybrids for wide adaptation revealed that there was not a single hybrid with superior yield 
performance in all of the test environments although numerous hybrids performed well 
across multiple geographical locations. Many of these hybrids were generated from inbreds 
adapted to different growing conditions, such as UHF134/NuMex-01, but some were within 
program crosses, like UHF134/HSB151. These results suggest that wide area testing is 
required for hybrid development programs, as widely adapted hybrids with high yield and 
yield stability may arise from both within and between program crosses.  
An analysis of variance revealed that many of the linear model terms were significant. 
Most notably was the significance of the environment effect, and numerous interactions with 
it, which indicate there was a large difference in the environments evaluated. Although these 
results were expected, Table 5 expresses the variable yields and environment averages across 
the geographically diverse yield trial locations. Nearly every yield trial location had a 
different highest yielding hybrid with only two hybrids having the highest yield in multiple 
environments. While each location was certified organic, one major difference in 
management practices was that the New Mexico locations were irrigated. These data support 
previous reports of differing hybrid performance when evaluated under different 
management practices (Carr et al., 2006; Lammerts van Bueren and Verhoog, 2006). We 
conclude that while all inbred parents used to produce each hybrid were intended for use by 
organic producers, the resulting hybrids varied in performance when grown across 
geographically diverse organic locations. Testing each hybrid in diverse growing conditions 
not only allowed us to identify which hybrids performed well in specific organic locations 
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but also those with high yield performance across all organic locations evaluated. Although 
not a direct objective of this study, identifying high yielding hybrids with locally-specific 
adaptation is of interest to organic producers as private seed companies invest a majority of 
their resources into developing hybrids for the larger global seed market. 
Estimates for the genetic effects regulating grain yield revealed that both the general 
and specific combining abilities were significant. Since the GCA is associated with additive 
genetic effects, selection and use of lines with positive values would be beneficial as 
favorable alleles could be passed on to progeny. Conversely, the SCA is associated with non-
additive genetic effects such as dominance and epistasis. With UHF134 having the only 
positive GCA for either female or male lines, use this inbred line as a female parent would be 
advantageous for hybrid development and breeding. Although none of the male parents had 
significant GCAs, several SCAs were found to be significant resulting in some individual 
hybrids, such as UHF134/LMPNG28 which had an average yield >8.8 Mg ha
-1
, having 
superior performance across all yield trial locations. 
The ‘which-won-where’ biplot was used to identify which hybrid performed best at 
each location. One of four hybrids won in all ten locations with eight locations won by either 
UHF134/NuMex-01 or UHF134/LMPNG28. UHF134/NuMex-01 (G42) won in Iowa and 
Wisconsin locations while UHF134/LMPNG28 (G41) won in Iowa and New York. This 
biplot view also allowed us to determine if hybrids produced by crossing two inbreds 
developed in the same breeding program had an advantage in their “home environments.” 
None of the hybrids evaluated in this study won in its home location with all of the highest 
yielding hybrids generated from inbreds developed by different breeding programs. 
Furthermore, the inbred lines adapted to New Mexico and New York were not found in any 
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of the highest yielding hybrids in their home environments, rather each of these inbreds 
contributed to some of the highest performing hybrids across the Corn Belt. Additionally, 
hybrids involving at least one of the two Ex-PVP lines generally performed well in all 
environments. Lastly, high hybrid performance and complementary gene action was found in 
some hybrids that were predominantly Stiff Stalk/Stiff Stalk crosses, such as 
UHF134/NuMex-01. These crosses demonstrates that restricting an organic breeding 
program to crossing inbreds from opposing heterotic groups may limit identification of high 
performing hybrids. This illustrates the difficulty in predicting which inbred will contribute 
to a successful hybrid in a given region and supports an approach of testing hybrids made 
with inbreds shown to have superior performance in other regions and organic production 
systems.    
The ‘mean vs. stability’ biplot facilitates visualization of the mean performance and 
stability of a testcross. Many of the hybrids evaluated had high to very high yield stabilities 
although some hybrids were very unstable. Several possibilities may explain the lack of 
stability across each environment which include: the significance of a G x E interaction 
effect, wide geographical distribution of yield trial locations, and varying management 
practices. For four of the top five hybrids expressing high yield stability across all locations, 
at least one parent was either LH132 or B116. It is of note that both of these inbreds were 
developed in Iowa and are highly adapted to the Corn Belt. In the case of LH132 and other 
Ex-PVP lines, far greater testing was likely completed compared to the other inbreds 
included in the study as it once was an elite commercial line. 
The ‘discriminativeness vs. representativeness’ and ‘ranking environments’ biplots 
produced several results of interest. Based on the environments included in this study, hybrid 
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yield trials in each environment may not be needed to select hybrids with superior 
performance. Although the Jefferson, IA-2015 (E6b) environment was determined to be the 
most representative and discriminative in both Figures 2 and 5, several other locations were 
close to an ideal testing location and may be suitable environments for making selections. 
Within the cluster of other environments close to an ideal environment were not only other 
Corn Belt locations but the New York locations as well. Even though the yields of each 
hybrid tested at these locations may not reflect actual performance in other environments 
because of the highly significant G x E interaction effect found in this study, selection of 
high performing lines relative to other hybrids in a given environment would be effective. 
This is useful information to consider as many breeding programs evaluate early generation 
testcrosses but are limited in the number of locations available for testing. 
Further evaluation of test sites and inbred lines included in this study may explain 
some of the outcomes produced in this study. Approximately half of the yield trial locations 
were located in the Corn Belt or in a bordering state while the four non-Corn Belt locations 
were highly contrasting environments. In addition, more than half of the inbred lines 
originated in the Corn Belt and were highly adapted to these growing conditions. These over-
representations may have influenced why a Corn Belt location was found to be most 
representative and discriminative along with high hybrid performance when an individual 
hybrid contained at least one inbred developed in the Corn Belt. This study could have been 
improved upon by including additional non-Corn Belt locations and inbreds adapted to 
environments outside the Corn Belt. 
In conclusion, organic maize breeders may benefit from incorporating inbred lines 
adapted to different growing conditions into their hybrid breeding programs. High yield 
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performance and stability is possible when two inbreds adapted to diverse conditions are 
crossed. In addition, use of Ex-PVP lines for organic hybrid development has value as many 
hybrids containing an Ex-PVP parent performed well across varying environments and had 
high to very high yield stability. Lastly, in our evaluation of hybrids across a wide range of 
growing conditions, hybrids containing an inbred developed in the Corn Belt did well with 
regard to yield and yield stability. 
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Table 1. Inbred lines used in the North Carolina Design II mating design. 
 
  
Inbred 
parent 
Contributing 
program 
Description 
Female   
AR2 Wisconsin Derived from B73 x Argentinian Cateto Flint (PI 516022) 
GEMS-0002 New Mexico Derived from germplasm enhancement of maize (GEM) 
population FS8A(S):S09 
75-062 New York Derived from Iowa Stiff Stalk Synthetic population, related to 
the inbreds CM174, B73, and SH91 
UHF134 Illinois Derived  from a synthetic population primarily composed 
(>65%) of Stiff Stalk germplasm with contributions from 
Mo17 x Lancaster, Iodent, Oh07, W153R and other non-Stiff 
Stalk material 
BX006 Iowa Selected from the narrow based synthetic BSKRL 1(HI)C2  
LH132 Iowa Ex-PVP line derived from B73 x B37 and backcrossed to B73, 
developed by Holden’s Foundation Seeds Incorporated 
3633 Commercial Proprietary commercial inbred line 
   
Male   
LMPNG28 Wisconsin Derived from the synthetic population Nokomis Gold 
NuMex-01 New 
Mexico/Ohio 
Derived from crossing two Iowa Stiff Stalk Synthetic derived 
lines, GEMS-0002 x OF-9 
32311C-A New York Selected from a narrow-based synthetic population that 
comprised Iodent germplasm 
HSB151 Illinois Derived from B73 x Mo17 
B116 Iowa Derived from B97 x B99   
LH82 Iowa Ex-PVP line derived from W153R, developed by Holden’s 
Foundation Seeds Incorporated 
4334 Commercial Proprietary commercial inbred line 
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Table 2. Environment codes for biplot analysis. 
 
Environment Year Code Planting 
Date 
Harvest 
Date 
Total rainfall during 
growing season (in.)† 
Elkhorn, WI 2014 E1a 5/23/14 11/14/14 21.39 
Las Cruces, NM 2014 E2a 5/23/14 10/15/14 7.61 
Las Cruces, NM 2015 E2b 6/4/15 10/19/15 9.59 
Penn Yan, NY 2014 E3a 5/28/14 11/19/14 25.59 
Penn Yan, NY 2015 E3b 5/21/15 10/27/15 29.09 
Ames, IA 2014 E4a 6/3/14 11/6/14 30.93 
Ames, IA 2015 E4b 5/13/15 10/17/15 32.00 
Carroll, IA 2014 E5a 5/22/14 10/31/14 33.40 
Jefferson, IA 2014 E6a 5/23/14 10/26/14 31.24 
Jefferson, IA 2015 E6b 5/4/15 10/15/15 33.23 
†Data collected by ncdc.noaa.gov using nearest weather station.  
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Table 3. Hybrid codes for biplot analysis.  
 
Hybrid Code Hybrid Code 
AR2/LMPNG28 G11 UHF134/B116 G45 
AR2/NuMex-01 G12 UHF134/LH82 G46 
AR2/32311C-A G13 UHF134/4334 G47 
AR2/HSB151 G14 BX006/LMPNG28 G51 
AR2/B116 G15 BX006/NuMex-01 G52 
AR2/LH82 G16 BX006/32311C-A G53 
AR2/4334 G17 BX006/HSB151 G54 
GEMS-0002/LMPNG28 G21 BX006/B116 G55 
GEMS-0002/NuMex-01 G22 BX006/LH82 G56 
GEMS-0002/32311C-A G23 BX006/4334 G57 
GEMS-0002/HSB151 G24 LH132/LMPNG28 G61 
GEMS-0002/B116 G25 LH132/NuMex-01 G62 
GEMS-0002/LH82 G26 LH132/32311C-A G63 
GEMS-0002/4334 G27 LH132/HSB151 G64 
75-062/LMPNG28 G31 LH132/B116 G65 
75-062/NuMex-01 G32 LH132/LH82 G66 
75-062/32311C-A G33 LH132/4334 G67 
75-062/HSB151 G34 3633/LMPNG28 G71 
75-062/B116 G35 3633/NuMex-01 G72 
75-062/LH82 G36 3633/32311C-A G73 
75-062/4334 G37 3633/HSB151 G74 
UHF134/LMPNG28 G41 3633/B116 G75 
UHF134/NuMex-01 G42 3633/LH82 G76 
UHF134/32311C-A G43 3633/4334 G77 
UHF134/HSB151 G44   
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Table 4. Mean yield (Mg ha
-1
) for the 49 hybrid combinations. 
 
  
        Male          
Female LMPNG28 NuMex-01 32311C-A HSB151 B116 LH82 4334 Mean 
AR2 5.83 6.46 7.01 5.57 6.62 7.43 7.53 6.64 
GEMS-0002 7.96 5.72 6.87 7.31 7.15 7.83 8.47 7.33 
75-062 7.15 7.07 7.99 6.30 7.68 7.78 7.16 7.30 
UHF134 8.84 8.76 7.84 8.42 8.49 7.52 8.39 8.32 
BX006 7.39 7.77 8.24 8.03 8.48 6.38 7.87 7.74 
LH132 7.97 6.53 8.52 7.03 8.92 8.78 8.50 8.03 
3633 6.70 8.20 7.94 8.18 8.34 8.24 8.17 7.97 
Mean 7.40 7.22 7.77 7.26 7.95 7.71 8.01 
 
       Hybrid mean 7.62 
7
0
 
71 
 
Table 5. Highest yielding hybrid (Mg ha
-1
) for all ten location-year combinations. 
Environment Highest yielding hybrid Hybrid yield 
(Mg ha-1) 
Avg. environment 
yield (Mg ha-1) 
Elkhorn, WI (E1a) LH132/B116 (G65) 9.54 5.99 
Las Cruces, NM (E2a) 75-062/B116 (G35) 14.84 10.71 
Las Cruces, NM (E2b) LH132/HSB151 (G64) 12.48 8.28 
Penn Yan, NY (E3a) LH132/LH82 (G66) 11.73 8.08 
Penn Yan, NY (E3b) 75-062/LH82 (G36) 10.56 9.09 
Ames, IA (E4a) UHF134/HSB151 (G44) 10.93 7.50 
Ames, IA (E4b) LH132/B116 (G65) 9.51 5.02 
Carroll, IA (E5a) UHF134/HSB151 (G44) 10.65 7.97 
Jefferson, IA (E6a) UHF134/NMSU1 (G42) 8.15 5.17 
Jefferson, IA (E6b) UHF134/B116 (G45) 12.98 8.39 
 
 
 
 
 
Table 6. Analysis of variance for the yield (Mg ha
-1
) linear model.  
 
Source of variation df Mean squares 
Female 6 45.57*** 
Male 6 14.77 
Female x Male 36 9.40*** 
Environment 9 310.53*** 
Replication[Environment] 10 19.24*** 
Environment x Female 54 4.84* 
Environment x Male 54 7.20*** 
Environment x Female x Male 324 3.33*** 
Experimental Error 480 2.27 
*,*** Significant at α = 0.05 and α = 0.001, respectively. 
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Table 7. General (GCA) and specific (SCA) combining ability estimates for inbred lines and hybrids for yield (Mg ha
-1
). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
*,**,*** Significant at α = 0.05, α = 0.01 and α = 0.001, respectively. 
GCAm
1
 = GCA effect of male lines. 
GCAf
2
 = GCA effect of female lines. 
  
        ♂       
 
LMPNG28 NuMex-01 32311C-A HSB151 B116 LH82 4334 GCAf
2
 
♀       SCA effects     
 
AR2 -0.59 0.22 0.22 -0.71* -0.35 0.70 0.50 -0.98*** 
GEMS-0002 0.85** -1.21*** -0.61 0.34 -0.51 0.41 0.75* -0.29 
75-062 0.07 0.17 0.54 -0.64 0.05 0.39 -0.53 -0.32 
UHF134 0.74* 0.84** -0.63 0.46 -0.16 -0.89** -0.32 0.70*** 
BX006 -0.13 0.43 0.35 0.65 0.41 -1.45*** -0.26 0.12 
LH132 0.16 -1.10*** 0.34 -0.64 0.56 0.66 0.08 0.41 
3633 -1.05*** 0.63 -0.18 0.57 0.04 0.18 -0.19 0.35 
GCAm
1
 
-0.22 -0.40 0.15 -0.36 0.33 0.09 0.39 
 
7
2
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Table 8. Heat map of lines used in this study and their resulting hybrid yield stability across 
all test environments. The environmental yield stabilities for within program crosses are 
included in the main diagonal of the table (boldface type) while between program crosses are 
included above and below the main diagonal. Dark green (very high stability, 0-0.61 Mg ha
-1
 
per location); light green (high stability, 0.62-1.56 Mg ha
-1
 per location); pink (low stability, 
1.57-3.14 Mg ha
-1
 per location); red (very low stability, greater than 3.15 Mg ha
-1
 per 
location). 
 
    
Male 
   Female LMPNG28 NuMex-01 32311C-A HSB151 B116 LH82 4334 
AR2 3.18 1.97 2.00 2.34 2.42 1.13 3.06 
GEMS-0002 0.83 1.10 1.25 0.95 3.74 2.46 2.76 
75-062 1.55 0.19 1.29 2.50 2.61 3.89 0.38 
UHF134 1.32 2.00 3.10 0.64 0.04 2.91 0.91 
BX006 2.57 1.59 2.50 0.64 1.66 1.32 2.00 
LH132 1.29 0.04 0.11 7.49 0.45 2.16 0.38 
3633 0.87 3.14 0.61 1.55 0.49 0.98 2.76 
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Figure 1. ‘Which-won-where’ view of the GGE-biplot showing all 
49 maize hybrids and 10 environments. Polygon vertices represent 
the highest or lowest yielding hybrid in each environment for a 
defined sector. The identity of each hybrid and environment is 
shown in Tables 2 and 3.  
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Figure 2. ‘Discrimitiveness vs. representativeness’ view of the 
GGE-biplot comparing all 10 environments. The solid blue line 
represents the average environment axis (AEA). Environment 
vector length represents discriminating ability while the vector’s 
angle with the AEA represents representativeness. Longer vectors 
are most discriminating, smaller angles with the AEA are most 
representative. 
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Figure 3. ‘Mean vs. stability’ view of the GGE-biplot 
comparing all 49 hybrids. Mean yields for each hybrid increase 
moving left to right on the average-environment-axis (AEA, 
solid green line) while those genotypes with the highest yield 
stability have markers closest the AEA. 
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Figure 4. Ranking environments view of the GGE-biplot 
comparing all 10 environments based on both discriminating 
ability and representativeness. A hypothetical ideal environment 
for testing is located at the center of the concentric circles with 
those environments closest to the ideal environment most 
representative of this environment. 
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CHAPTER 4. PROTEOMIC ANALYSIS OF THE GAMETOPHYTE FACTOR1-
STRONG (Ga1-s) SYSTEM IN MAIZE 
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Abstract 
 
Production of non-genetically engineered (GE) maize, including organic corn, is 
sometimes affected by pollen-mediated transgene transfer from GE varieties planted nearby 
resulting in adventitious presence (i.e., unintentional and incidental commingling of GE 
traits). Use of a biological barrier, like Gametophyte factor1-strong (Ga1-s), may be an 
effective means to reduce genetic contamination through its ability to regulate pollen tube 
growth. The goal of this study was to characterize the protein composition of Ga1-s-
containing reproductive tissue and identify uniquely expressed proteins by mass 
spectrometry. Profiles for pollen, pre- and post-pollinated pistil tissue from near-isogenic 
lines of inbred W22 were compared. Many proteins were found to have differences in 
expression patterns in Ga1-s-containing tissue compared to ga1-containing tissue for all three 
tissues of interest. Furthermore, 107 and 62 proteins were induced by pollination in 
compatible and incompatible pollinations, respectively. An isotopic label-free relative 
quantification method was used to determine differences in protein presence/absence 
between tissue types and protein abundances. Hierarchical cluster analysis of the 628 
proteins identified in this study produced eight different protein subclusters. Four of these 
subclusters were generated in response to expression of Ga1-s. Thirty-two Gene Ontology 
terms were found to be significantly (P < 0.05) over- or under-represented within each 
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subcluster when compared to all subclusters. Based on this study, many proteins are 
differentially expressed between Ga1-s and ga1 tissue types. Those differentially expressed 
between Ga1-s and ga1 during the interaction between pollen tubes and pistil tissues are of 
interest because they match the expression pattern expected for proteins participating in 
gametophytic cross-incompatibility. 
Introduction 
 
Pollen tube growth and development has been well studied in many plant species and 
numerous reviews have been produced (Mascarenhas, 1990; Heslop-Harrison, 1987; Taylor 
and Hepler, 1997). Several different biological processes are required from the initial phases 
of pollen development in the anther to pollen tube entry into the embryo sac and fusion of 
genetic material. One of the most critical periods during the lifespan of pollen is the intimate 
interaction between pollen tubes and pistil tissue, which either permits or inhibits tube 
progression (Mascarenhas, 1993). Although previous literature has investigated molecular 
mechanisms that permit pollen tube growth, mechanisms inhibiting this process are less 
characterized. Knowledge of these interactions could have important implications for 
agricultural crop production. 
Adventitious presence, or the unwanted presence of transgenes, has been widely 
discussed by the organic community since the inception of biotechnology (Brookes et al., 
2004; Demont and Devos, 2008). The combinational increase in the number of genetically 
engineered (GE) traits and GE maize acreage has made the production of non-GE maize 
exceedingly difficult (USDA, 2017). As a result, organic corn growers have had to 
implement costly agricultural practices to minimize pollen-mediated transgene 
contamination. 
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Corn is a traditionally a cross-pollinated species but it is also capable being self-
pollinated. Cross-pollination is typically advantageous unless GE and non-GE (organic) 
fields are grown in close proximity where it becomes problematic for the organic producer 
(Langhof et al., 2010). Organic grain contaminated with transgenes results from the 
inadvertent pollination of organic production fields with pollen from nearby fields containing 
GE plants. An incentive for organic producers is the increased value of organic grain, which 
is ~2-3 fold higher per bushel than GE grain (USDA, 2017). Due to purity standards for the 
organic market, the presence of unwanted transgenes reduces the potential profit from 
organic grain production. This has resulted in a growing demand to ensure that both GE and 
non-GE maize are able to co-exist and remain in distinct market classes (Brookes et al., 
2004). One possible approach to minimizing adventitious presence includes the use of a 
biological barrier to minimize fertilization by unwanted (i.e. GE) pollen. Such biological 
barriers, like Gametophyte factor1-strong (Ga1-s), have the ability to regulate the normal 
fertilization process in maize and have been previously utilized to preserve the purity of other 
market classes (Perry, 1945; Poneleit, 2001; Ziegler and Ashman, 2001; Thomas, 1955). 
Several groups have characterized the pollen-pistil interactions in Ga1-s plants, which 
limit the ability of certain pollen haplotypes to successfully fertilize Ga1-s-containing pistils 
(Kermicle and Evans, 2005; Nelson, 1994; Mangelsdorf and Jones, 1926; Kermicle and 
Evans, 2010; Bloom and Holland, 2011). This locus causes selective fertilization by favoring 
pollen grains carrying matching alleles in the pollen and pistil tissue. The ability of Ga1-s 
pollen grains to fertilize Ga1-s/Ga1-s, Ga1-s/ga1, and ga1/ga1 pistils (hereafter referred to as 
compatible pollinations) along with the reduced ability of ga1 pollen grains to fertilize Ga1-
s/Ga1-s and Ga1-s/ga1 pistils (hereafter referred to as incompatible pollinations) confers 
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unilateral cross-incompatibility (Kermicle, 2006; Kermicle and Evans, 2010). With a 
majority of commercial hybrids not only carrying the ga1 allele but also transgenes, 
introgression of the Ga1-s system into organic hybrids may be an effective means to protect 
this market class (Nelson, 1952; Nelson, 1994; Kermicle, 2001). Additionally, identification 
of a causative or closely-linked gene would help to determine the mechanism of action and 
ease the effort needed to introgress this system into other genetic backgrounds using 
molecular markers, allowing it to be fully exploited by public and private breeding programs. 
Several groups have completed fine-mapping studies attempting to identify the 
causative locus for Ga1-s. Genetic mapping studies have proven to be successful in regards 
to creating and refining a region of interest on chromosome four but a causative gene (or 
genes) has yet to be identified (Bloom and Holland, 2011; Zhang et al., 2012; Liu et al., 
2014). Further studies are needed to localize the causative gene and understand Ga1-s at the 
molecular level. 
Two studies investigating the differences in protein profiles of pollen and pistil tissue 
have been completed. The first study by Yu et al. (2014) compared protein profiles between 
mature Ga1-s/Ga1-s and ga1/ga1 pollen and pistil tissues. Several proteins were identified 
with 20 found to be exclusively expressed in pistil tissue. Of those proteins, three were 
shared between Ga1-s/Ga1-s and ga1/ga1 genotypes and seven were uniquely expressed in 
Ga1-s/Ga1-s. Mass spectrometry identification of all 44 proteins found by Yu et al. (2014) 
revealed hydrolase activity was the most abundant functional category, with nucleotide and 
nucleic acid binding also highly abundant. The second study by Zhu et al. (2011) identified 
proteins with differential expression between mature and in vitro germinated pollen grains. It 
is of note that the pollen grains investigated by Zhu et al. (2011) were not carrying the Ga1-s 
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allele so this study provides background information on pollen tube development. Twenty six 
proteins were found to have changes in expression levels following germination. These 
proteins were involved with numerous functional biological categories, such as cell wall 
modification and energy metabolism. Our study improves upon both of the previous studies 
by evaluating the interaction between pollen tubes and pistil tissue during pollen tube 
development for both compatible and incompatible pollinations involving the Ga1-s allele. 
Mature pollen grains produce and store large quantities of RNA and protein to allow 
for quick germination and initiation of progamic growth (Taylor and Hepler, 1997). 
Literature suggests inhibitors of RNA and protein synthesis have differing effects following 
pollen germination. Inhibition of RNA synthesis does not affect germination until the tubes 
have grown for approximately 20 minutes. Conversely, inhibition of protein synthesis affects 
tube growth within 10 minutes of germination (Mascarenhas, 1975). These results suggest 
the initial phases of pollen tube growth are more dependent on translation rather than 
transcription and supports differing protein profiles between mature and germinating pollen 
tubes as shown by Zhu et al. (2011). Cross-incompatibility has distinct male and female 
functions with the Ga1 system requiring an interaction between the male gametophyte and 
female sporophyte to function effectively (Lu et al., 2014). Because this interaction is 
required for a successful pollination, it is possible one or more of the proteins whose 
expression is altered by the act of pollination plays a role in pollen tube arrest via Ga1-s. 
The main objectives of this study are to (1) determine differences in protein profiles 
of tissue carrying the Ga1-s vs. ga1 allele, (2) characterize protein profile changes between 
un-pollinated and pollinated tissue as well as compatible and incompatible pollinations and 
(3) identify Gene Ontology terms significantly over- and under-represented between protein 
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subclusters. Based on current literature, a proteomics analysis may be a beneficial strategy to 
further understand the Ga1-s system. This will not only give further insight into the 
molecular mechanism of Ga1-s, but also facilitate the development of molecular markers. 
Material and Methods 
Plant Material and Genotype Information 
All inbred lines [W22 (Ga1-s/Ga1-s) and W22 (ga1/ga1)] along with backcross 
breeding BC3F1 lines [B102 (ga1/Ga1-s), PHG35 (ga1/ Ga1-s), DJ7 (ga1/ Ga1-s), Q381 
(ga1/ Ga1-s)] used in this study were grown in a greenhouse in Ames, Iowa. Inbred W22 
(Ga1-s/Ga1-s) was developed by Dr. Jerry Kermicle at the University of Wisconsin-Madison 
(Maize Genetic Stock Center number 401D). A single cross between W22 and “White 
Cloud” hybrid popcorn was completed to introgress the Ga1-s allele into the W22 genetic 
background followed by five generations of backcrossing to W22 (Kermicle et al., 2006). 
Inbreds W22 (Ga1-s/Ga1-s) and W22 (ga1/ga1) were used as pollen donors and recipients 
therefore immature ear shoots were covered with shoot bags to prevent pollen exposure prior 
to pistil tissue collection. BC3F1 plants (Ga1-s/ga1) were only used as pollen recipients so 
plants were emasculated and immature ear shoots were covered. Mature pollen grains were 
collected by shaking the tassel one day before pollination to remove old and unviable pollen 
grains. A collection bag was then placed over the tassel overnight to collect freshly shed 
pollen. For pre-pollination pistil tissue, only tissue exposed from the husk was harvested in 
order to avoid the collection of any ovules, proteins, or small peptides associated with the 
micropylar region, such as Zea mays egg apparatus 1 (Márton et al., 2005). Post-pollination 
tissue consisted of pistil tissue pollinated with freshly collected ga1 or Ga1-s pollen and 
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allowing pollen grains to germinate for six hours before tissue harvest. A summary of the 
tissue used in this study is presented in Table 1. 
Protein Extraction 
Pollen protein extract was produced from 20 mg of mature pollen grains by mortar 
and pestle homogenization in 1.2 ml of 0.1 M Tris-HCl, pH 7.8, 20 mM DTT and 1 mM 
PMSF at 4 
o
C. The homogenate was centrifuged at 16,000 x g for 20 min at 4 
o
C before the 
supernatant was removed and mixed with an equal volume of Tris-buffered phenol, pH 8.0, 
by rocking for 10 min at 4 
o
C. The phenol phase was recovered from the mixture following 
centrifugation at 16,000 x g for 15 min at 4 
o
C. Protein was precipitated during for one hour 
at -20 
o
C by adding five volumes of 0.1 M ammonium acetate dissolved in methanol. Protein 
was pelleted by centrifugation at 16,000 x g for 15 min at 4 
o
C, washed twice in ice cold 
acetone, air dried and solubilized in 50 µl of 8 M urea, 20 mM DTT rehydration buffer 
(method modified from Zhu et al., 2011). 
Pistil (pre- and post-pollination) protein extract was produced by grinding tissue in 
liquid nitrogen using a mortar and pestle into a fine powder. Two hundred mg of powder was 
transferred to a 2 ml Eppendorf tube, covered with 1.8 ml of ice cold precipitation solution 
(10% TCA, 0.07% 2-ME in acetone), vortex mixed and incubated at -20 
o
C for one hour. 
Tubes were centrifuged for 30 min at 14,000 x g at 4 
o
C before the supernatant was removed 
and the pellet was resuspended in 1.8 ml rinsing solution (0.07% 2-ME in acetone). 
Following a 12 hour incubation at -20 
o
C, tubes, were centrifuged for 30 min at 14,000 x g at 
4 
o
C. The supernatant was removed and the pellet was dried by vacuum centrifugation for 10 
min. Four hundred µl of 8 M urea lysis buffer was added and incubated in a 37 
o
C shaking 
incubator for 2 hours. Tubes were then centrifuged for 30 min at 14,000 x g at 4 
o
C before 
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the supernatant was removed and stored for analysis (method modified from Méchin et al., 
2007). 
Tissue samples for all extracts were collected from three individual plants, or 
biological replicates, for analysis. Due to the difficulty of resolving the proteome profile of 
individual pollen grains, pollen tubes and pistil tissue, extract produced from each replicate is 
therefore considered a representative sample (Holmes-Davis et al., 2005; Zhu et al., 2011). 
Thus, extracts from all three replicates were pooled and the resulting data represents each 
pool. 
Protein concentrations of the extracts were determined using a Bradford assay 
(Bradford, 1976) prior to 1-D gel electrophoresis analysis where 20 µg of protein extract was 
loaded per well into a gradient 4-20% Tris-HEPES polyacrylamide gel (Fisher Scientific, 
Waltham, MA). Electrophoresis was carried out at 120 V until the sample buffer dye front 
reached the bottom of the gel. Completed gels were briefly rinsed in dH2O and fixed in a 
50% EtOH-10% acetic acid solution for 30 minutes while rocking at room temperature. Two 
more washes in dH2O for 15 minutes each preceded a staining with Coomassie Blue (45% 
EtOH, 10% acetic acid, 0.1% Brilliant Blue R-250) for 30 minutes and de-staining (45% 
EtOH, 10% acetic acid) until protein bands were easily detectable. 
Quantitative Proteomics 
Pollen and pistil protein extracts were analyzed by the Protein Facility at Iowa State 
University as a fee-for-service. The isotopic label-free relative quantification method used is 
as follows, 100 µg of each protein extract was digested in solution using a trypsin/Lys-C 
protease mix. Samples were dried down and spiked with 250 fmol of peptide retention time 
calibration standards during reconstitution. Peptide retention time calibration standards 
86 
 
contained an equimolar mixture of 15 known peptides to allow for the quantification of 
unknown peptides. Newly digested peptides were then separated by liquid chromatography 
before analysis by tandem mass spectrometry using a Q Exactive Hybrid Quadrupole-
Orbitrap Mass Spectrometer (Fisher Scientific, Waltham, MA). The resulting spectral data 
was compared to theoretical fragmentation patterns using the MASCOT search engine 
(Matrix Science, London, UK) to identify the most likely protein accessions by considering 
the highest-scoring peptide sequence for each input fragment and alignment of 2 or more 
high-scoring peptide sequences to a single accession. Hierarchical cluster analysis and heat 
maps were generated using codes written for R software version 3.1.2 (https://www.R-
project.org). Gene Ontology (GO) analysis was completed using GO terms as assigned to 
each accession number based on the QuickGO database (EMBL-EBI, 
http://www.ebi.ac.uk/QuickGO-Beta/). 
Statistical Analysis 
Fisher’s exact tests were completed using JMP Pro 11.0 (SAS Institute, 2013) in 
order to determine the significance for GO term over- and under-representation. Tests 
compared the occurrence of an individual GO term in one protein subcluster to the 
occurrence of that term in the entire data set comprising all protein clusters. 
Results 
Protein extracts from mature pollen and pistil tissue, both pre- and post-pollination, 
were initially compared via 1-D gel electrophoresis (Figure 1). The protein profiles of the 
pollen extracts were visually different than the profiles of pistil extracts. Differences in 
protein extraction protocols may explain some of the variation but previously published 
literature suggests that protein compositions are likely dissimilar. Seven major proteins were 
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previously identified in mature pollen grains (Chay et al., 1992), but several other protein 
bands appear to be present in our 1-D gels (Figure 1). Further evaluation of pre- and post-
pollinated pistils revealed differences in protein profiles with the primary variation among 
profiles located between 21- and 31-kDa. To further characterize the differences in this 
region and all other regions, an isotopic label-free relative quantification method was used to 
determine the identity of each protein in a given sample along with the relative abundance of 
each protein compared to a known standard.  
Mass spectrometry analysis of protein extracts identified numerous proteins in each 
treatment. The average number of proteins identified in the different tissue types was 276, 
337, and 401 for mature pollen (T1-T2), pre-pollinated pistil (T3-T8), and post-pollinated 
pistil tissue (T9-T18), respectively (Table 1). It was expected that mature pollen grains would 
have the lowest number of proteins identified based on previous literature revealing that the 
initial phases of pollen tube germination and growth rely on translation of stored mRNA 
transcripts (Taylor and Hepler, 1997). Furthermore, post-pollinated pistil tissue for both 
compatible and incompatible pollinations had the highest average number of proteins 
identified, suggesting many proteins are induced following pollen germination.  This 
observation supports the highly complex interaction that occurs between germinating pollen 
tubes and pistil tissue.  
Qualitative comparison of set membership among the three tissue types reveals 
information about the process of pollination. For example T1, T8, and T14 are the pollen, 
pistil and pollinated pistil of a compatible pollination while T2, T7 and T13 are the pollen, 
pistil and pollinated pistil of an incompatible pollination (Figures 2-3). Each region produced 
by this analysis contains proteins with a specific role, for example the union of all three 
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regions represents proteins present in all three tissue types. These proteins don’t have tissue 
specificity nor do they respond to pollination so we consider them to be housekeeping 
proteins.  In contrast, the proteins found in the “pollinated pistil treatment” but not in the 
“pollen” or “pistil” treatments are proteins that are induced by pollination. A summary of the 
proteins identified in each of the seven regions produced by the three group Venn diagram 
analysis is presented in Figures 2-3. Accession numbers and protein descriptions for all 
proteins identified in each of the seven regions are presented in SI Tables 4-10. The proteins 
identified in region seven of each Venn diagram are induced as a result of the interaction 
between pollen tubes and pistil tissue and contain proteins of most interest. One hundred and 
seven proteins were turned on during a compatible pollination while only 62 were induced 
during an incompatible pollination. Differences in the number of proteins between these 
regions and the fewer changes in response to pollination in incompatible pollinations 
compared to compatible pollinations suggest the proteome of each pollination type may 
differ in composition. 
Further evaluation of the protein descriptions for proteins either turned on or off 
following pollination produced several results of interest. Examination of the list of proteins 
in each Venn diagram section (SI Tables 4-10) shows that many of the proteins identified had 
low coverage and therefore we low confidences hits. We therefore chose to focus on proteins 
with coverage >20%. When gene expression was turned off by pollination, compatible tissue 
turned off lignin biosynthesis and stress response genes while few genes with protein 
coverages >20% were turned off in incompatible tissue. Additionally, compatible tissue 
turned on numerous genes following pollination which included: Histones, heat-shock 
proteins, cytoskeletal components, and enzymes involved in energy production. Incompatible 
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tissue had fewer genes turned on following pollination but heat-shock proteins and 
cytoskeletal components were among the proteins upregulated. It is of note that post-
pollinated pistil tissue is primarily silk tissue which leads to the identification of fewer pollen 
proteins. This causes a higher number of pollen specific proteins to be characterized as being 
turned off by pollination when in fact pollen genes are greatly diluted in this tissue type. 
Overall, cytoskeletal components are abundant in compatible tissue, lignin biosynthesis is 
turned off in compatible pistil tissue and several metabolic proteins are turned on following a 
compatible pollination. 
Gene Ontology Analysis 
We next set out to determine what proteins differed between Ga1-s/Ga1-s and 
ga1/ga1 pollen by comparison of T1 and T2.  In pollen extracts specifically, T1 had 258 
proteins while T2 had 302 proteins identified (Table 1). There were 196 proteins shared 
between T1 and T2, 62 proteins uniquely expressed in T1 and 106 proteins uniquely 
expressed in T2 (SI Table 1). Of the proteins unique to T1, oxidation-reduction, glycolytic 
and carbohydrate metabolic processes were the most represented Gene Ontology (GO) terms 
for the biological process category, respectively. Oxidation-reduction process, response to 
stimulus, and translation were the GO terms for the biological process category found most 
represented for proteins uniquely expressed in T2. These treatment-specific proteins are of 
interest because they can be hypothesized to be involved in gametophytic cross-
incompatibility. This data suggests Ga1-s pollen not only expresses fewer proteins, but also 
contain fewer haplotype specific proteins than ga1. 
Similarly, we compared pre-pollinated pistil extracts between Ga1-s/Ga1-s and 
ga1/ga1.  The Ga1-s/Ga1-s pistil extract had 334 proteins while the ga1/ga1 pistil extract 
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had 407 proteins identified (Table 1). Additionally, 239 proteins were shared between T7 and 
T8, 95 were uniquely expressed in T7 and 168 were uniquely expressed in T8 (SI Table 2).  
Proteins unique to T7 had oxidation-reduction process and response to stimulus as GO terms 
most represented for the biological process category. Oxidation-reduction process, translation 
and transport were GO terms for the biological process category found most represented for 
proteins unique to T8. As above, these treatment-specific proteins are of interest because they 
can be hypothesized to be involved in gametophytic cross-incompatibility. Identification of 
proteins uniquely expressed in T7 and in additional Ga1-s-containing genetic backgrounds 
(T3-T6) allowed us to identify which proteins were conserved in other genetic backgrounds. 
Fifty-seven proteins were found in T7 and at least one other Ga1-s-containing tissue (T3-T6). 
Further analysis revealed only 23 of those proteins were unique to T7 and at least two other 
tissues (SI Table 2). A similar approach using proteins unique to T8 could not be addressed 
as all pre-pollinated pistil tissue was heterozygous for the Ga1-s allele. GO terms occurring 
most frequently for the 23 proteins unique to T7 and at least two other genetic backgrounds 
were: response to stimulus, cytoplasm, and metal ion binding for the GO categories of 
biological process, cellular component, and molecular function, respectively. 
Comparison of post-pollinated tissues between Ga1-s/Ga1-s and ga1/ga1 revealed 
protein expression varied between compatible and incompatible pollinations. There were 248 
proteins found to be shared between compatible and incompatible pollinations (SI Table 3). 
An additional 121 proteins were uniquely expressed in T13, an incompatible pollination, 
while 208 were uniquely expressed in T14, a compatible pollination. As above, these 
treatment-specific proteins are of interest because they can be hypothesized to be involved in 
gametophytic cross-incompatibility. The use of additional genetic backgrounds to evaluate 
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incompatible pollinations allowed for proteins unique to this pollination type to be identified. 
Of the 121 proteins unique to T13, 98 were found in at least one other incompatible 
pollination (T9-T12). Further analysis revealed only 33 proteins were unique to T13 and at 
least three other tissues (SI Table 3). Similarly, of the 208 proteins uniquely expressed in a 
compatible pollination, 149 were found in at least one other compatible pollination (T15-
T18). Additional filtering found 45 were in T14 and at least three different genetic 
backgrounds (SI Table 3). Identifying proteins found in T13 or T14 and at least three other 
genetic backgrounds increase the confidence of each protein’s involvement in a respective 
pollination type. 
Analysis of GO terms associated with the filtered set of proteins unique to 
incompatible or compatible pollinations revealed which terms were most abundant. The most 
frequent GO terms for the 45 proteins unique to T14 and at least three other genetic 
backgrounds were: oxidation-reduction, cytoplasm, and nucleotide binding for the GO 
categories of biological process, cellular component, and molecular function, respectively. 
Similarly, with the 33 proteins unique to T13 and at least three other genetic backgrounds, 
oxidation-reduction, cytoplasm, and nucleotide binding were the highly abundant terms for 
the GO categories of biological process, cellular component, and molecular function, 
respectively. Although the pollination type differed, representative GO terms were identical 
between compatible and incompatible pollinations.  
Hierarchical Clustering 
We next examined protein abundance values using a hierarchical cluster analysis to 
group proteins based on expression patterns across tissues. This approach was performed on 
the 628 proteins identified in the six tissue types with a W22 genetic background (T1, T2, 
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T7, T8, T13, T14) that were fixed for either the Ga1-s or ga1 allele (Figure 4). Cluster 
analysis produced eight protein subclusters with visible differences between treatments. Each 
individual subcluster can be distinguished by the vertical color bar on the Y-axis of the heat 
map with subcluster 1 located at the top (light blue) and subcluster 8 located at the bottom 
(lime green) (Figure 4). Proteins included within each subcluster can be found in SI Table 11. 
Subcluster 1 primarily contained pistil proteins that were highly expressed in mature ga1/ga1 
pistils (T8) and remain highly expressed or even increased in abundance post-pollination 
(compatible; T14). Subcluster 2 contained proteins induced following a compatible 
pollination. Furthermore, many of these proteins were not found in pistils pre-pollination (T7 
and T8) or post-pollination (incompatible; T13). Subcluster 3 contained ga1/ga1 pistil 
proteins expressed pre-pollination and turned off by pollination. Subcluster 4 contained 
proteins with expression in several combinations of pistil samples (T7, T8, T13, T14) 
although most proteins appear to be turned on following an incompatible pollination. 
Subcluster 5 was a very small cluster of proteins with most proteins expressed in all six tissue 
samples. These proteins show little response to pollination.  The proteins in subcluster 6 were 
primarily expressed pre-pollination in Ga1-s/Ga1-s pistil tissue and turned off by pollination. 
Subcluster 7 contained proteins that were primarily expressed in both pollen haplotypes (T1 
and T2) but numerous proteins were also found in a compatible pollination. These proteins 
may be pollen specific and required for compatible tube growth. Lastly, subcluster 8 
contained those proteins which appear to be unique to mature pollen grains (T1 and T2). This 
cluster analysis produced many subclusters of interest as they can be hypothesized to be 
involved in gametophytic cross-incompatibility. 
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Furthermore, examining the phylogenetic map of treatments in Figure 4 suggested 
some treatments were closely related based on protein profiles. The two pollen treatments 
were most similar as a clear difference between these two treatments and all other treatments 
was evident. In addition, pre- and post-pollinated tissue of the same genetic background (T7 
and T13; T8 and T14) were found to be more similar than any other two treatment 
combinations such as the two pre-pollinated (T7 vs. T8) samples or the two post-pollinated 
(T13 vs. T14) samples (Figure 5). This illustrates the large influence the introgressed 
chromosome segment containing the Ga1-s locus has on protein expression. 
Analysis of the average protein abundance for each protein subcluster supplements 
the hierarchical cluster analysis. Average protein abundances for all proteins within a given 
subcluster were compared between treatments (Figure 4). No two graphs had similar profiles 
and further elucidated subcluster formation and uniqueness. Treatment 1 in subcluster 7 had 
the highest average protein abundance but this subcluster also contained relatively few 
proteins compared to other subclusters. Although the heat map suggested subcluster 8 
contained proteins specific to mature pollen, the graph for this subcluster revealed ga1 pollen 
haplotypes had ~3-fold higher protein abundance than the Ga1-s haplotype. These graphs 
suggest not only do protein profiles differ, but average protein abundances also differ 
between treatments. 
GO terms for all 628 proteins found in Figure 4 were analyzed to associate individual 
terms to certain protein subclusters. Approximately 1,000 GO terms characterized each of the 
three GO categories (molecular function, biological process, cellular component) for all 
accession numbers of interest. Due to the nature of GO terminology, many GO terms 
overlapped between accession numbers and only resulted in 167 unique molecular function 
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terms, 30 unique cellular component terms, and 178 unique biological process terms. GO 
terms that were significantly over- or under-represented for each protein subcluster are 
identified in Table 2. Terms found to be significant and showing a response based on Ga1-s 
were: under-represented oxidoreductase activity in subcluster 1, over-represented peroxisome 
and ribosome cellular location in subcluster 1, over-represented metabolic process in 
subcluster 1, over-represented unknown protein functions in subcluster 2, over-represented 
oxidoreductase activity in subcluster 4 and over-represented S-adenosyl methionine 
biosynthesis in subcluster 4. Analyses of additional genetic backgrounds for similar trends in 
protein clustering and GO terms may identify which are highly related to Ga1-s. 
The addition of genetic backgrounds other than W22 acts as a form of replication to 
increase the confidence in identifying proteins unique to the Ga1-s system. Analysis of four 
additional pre-pollinated pistil tissues and four additional post-pollinated pistil tissue types 
for each compatibility group provided several results of interest. A total of 683 proteins were 
found to be expressed and identified by mass spectrometry when all 18 treatments were 
compared.  A similar hierarchical cluster analysis was performed on normalized protein 
abundance values across all 18 treatments and a heat map was constructed (Figure 5). 
Hierarchical clustering resulted in the formation of 22 protein subclusters. Cluster analysis of 
the treatments revealed the two pollen samples still remained most similar and had distinct 
profiles compared to all other treatments. Many of the protein subclusters were driven by 
variation that is specific to certain genetic backgrounds. Even though there were only 55 
proteins specific to certain genotypes, they increased the number of protein subclusters and 
disrupted protein profiles making it difficult to draw conclusions. Thus, only generalized 
trends were able to be compared. Clustering with the larger set of treatments did not produce 
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any visible groups of proteins expressed only in compatible or incompatible pollinations. In 
addition, treatment clustering did not produce similar results as pre- and post-pollinated 
tissue of the same genetic background did not cluster from closely related branches. Based on 
these results, identifying proteins associated with the Ga1-s allele across multiple genetic 
backgrounds proved to be difficult. 
Testing for over- or under-representation of GO terms generally only works for high 
level GO terms that aggregate sufficient numbers of more specific GO terms to allow 
statistical testing.  At the level of very specific GO terms, even though statistical testing is 
not possible, the identity of the each GO term present is still of interest.  Six proteins had GO 
terms that may be of interest because of their known roles in pollen or pistil development. 2-
dehydro-3-deoxyphosphooctonate aldolase-2 protein (Q6NQL4) was found in subcluster 1 
with expression in T8 and T14.  This protein is essential for maintaining cell wall integrity of 
rapidly growing tissue, such as pollen tubes (Delmas et al., 2008). Plant intracellular Ras-
group-related LRR protein-9 (Q8VYG9) and profilin-4 (O22655) were both found in 
subcluster 2. Plant intracellular Ras-group-related LRR protein-9 had expression in T14 only 
and has been described as having a leucine-rich repeat which mediates protein-protein 
interactions (Forsthoefel and Vernon, 2011). Profilin-4 had expression in four pistil tissues 
(T7, T8, T13, T14) and binds actin filaments to influence cytoskeleton organization. V-type 
proton ATPase catalytic subunit-A (O23654) was found in subcluster 3 with expression in T8 
only. This ATPase is thought to be responsible for acidifying various intracellular 
compartments. The last two proteins, mitochondrial fumerate hydratase-1 (P93033) and 
receptor protein kinase-like protein ZAR (Q9ZU46), were expressed in both pollen 
treatments (T1 and T2). While the exact function of the mitochondrial fumerate hydratase-1 
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is unknown, the receptor protein kinase-like protein ZAR is thought to be a receptor protein 
kinase involved in calcium and G-protein signaling. Future studies are needed to determine if 
these proteins are associated with Ga1-s or required for normal pollen tube development. 
Discussion 
Although the Ga1-s allele has been of interest to numerous research groups and 
utilized by several breeding programs, a molecular mechanism or causative gene has yet to 
be identified. Further insight into the molecular mechanism resulting in pollen tube 
arrestment is needed not only to reduce the list of candidate genes but also for successful 
development of molecular markers. In the present study, the proteomic profiles of 
incompatible and compatible pollinations were analyzed. This allowed us to identify proteins 
that were unique to the Ga1-s system and possibly have a role in arresting the growth of 
incompatible pollen tubes. This work also provided an additional understanding of the 
pollen-pistil interaction that occurs during the normal reproduction process in maize. 
Our interest in conducting a proteomic study resulted from the difficulty previous 
genetic mapping studies have had in identifying a causative gene. Additionally, Bloom and 
Holland (2011) proposed the possibility that the causative gene for Ga1-s is absent in the 
B73 reference genome. Although one previous proteomic study with similar interests was 
completed, the current study improved upon that study by exploring the complex interaction 
between germinating pollen tubes and pistil tissue for both compatible and incompatible 
pollinations. Of the 44 proteins identified by Yu et al. (2014), 24 of them were found in our 
current study but only five (P26216, P35339, P35338, Q43298, P0C1Y5) had identical 
expression patterns between matching tissue types. Although identical genotypes and 
germplasm were evaluated, differences in experimental design or sampling error may explain 
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the different results. Additional work is needed to determine if the five proteins found in both 
studies have an association to the Ga1-s system. 
Distinct protein profile differences in the Coomassie stained 1-D gels led us to 
determine specifically which proteins differed. The isotopic label-free relative quantification 
method used to identify individual proteins resulted in several hundred proteins being 
identified for each sample except one, T4. The reduction of proteins in T4 may be an 
accurate reflection of that genetic background or an issue with extracting protein from that 
specific background. A second sample was analyzed by the Iowa State Protein Facility and 
nearly identical results compared to the initial analysis were obtained. In addition to having 
unique protein identifiers for each sample, relative protein abundance was also determined 
allowing for expression differences between samples to be visualized. Initial efforts to 
summarize the expression patterns and protein abundances led to the generation of a heat 
map where discrete clusters of proteins were evident. 
Direct comparisons between near-isogenic lines differing at the Ga1-s locus produced 
a narrowed list of proteins for each tissue type. Proteins unique to Ga1-s pollen extract may 
help identify the male function of Ga1-s while proteins unique to the Ga1-s/Ga1-s pre-
pollinated pistil extract could provide insight into the female function. As previously 
suggested, proteins unique to the interaction between pollen tubes and pistil tissue may 
provide insight into not only the causative gene, but also determining which molecular 
processes differ between compatible and incompatible pollinations. Future work 
investigating the proteins identified in this study is needed to confirm their involvement with 
the Ga1-s system. 
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Initial use of the W22 genetic background allowed near-isogenic lines to be compared 
which removed protein variations arising from differences in genetic backgrounds. 
Evaluation of the different GO functional categories revealed that several terms were over- or 
under-represented in a given subcluster relative to all eight subclusters. Future studies 
involving gene products with similar GO term annotations would be of interest to determine 
the role of a candidate gene in gametophytic cross-incompatibility. 
Combining the general descriptions assigned to each subcluster with GO terms found 
to be significant produced several results of interest. With subcluster 1 primarily including 
proteins present in ga1/ga1 pre-pollinated pistil tissue and post-pollination when compatible 
ga1 alleles interacted, four GO terms were significant. These terms provide insight into 
which processes contribute to compatible pollinations and are ga1 specific. Oxidoreductase 
activity was under-represented while metabolic processes and peroxisome and ribosome 
cellular locations were over-represented. High metabolic activities, specifically on the 
ribosome and in the peroxisome, were suggestive in these two treatments. All of these terms 
seem to have an association only with the ga1 allele. 
The three remaining significant GO terms may also reveal information about the Ga1-
s system due to their over-representation in certain subclusters. A set of proteins with 
unknown molecular function was over-represented in subcluster 2. This subcluster primarily 
contained proteins uniquely expressed during a compatible pollination, indicating that 
numerous gene products are produced during progamic pollen tube growth. These data 
suggests there are still several proteins turned on during compatible pollinations that have yet 
to be annotated and it’s possible that incompatibility occurs as a result of one or more of 
these proteins not being expressed. The last two significant GO terms found to be over-
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represented in subcluster 4 included oxidoreductase activity and S-adenosyl methionine 
biosynthetic process. These results complemented previous findings that compatible 
pollinations had under-represented oxidoreductase activity. 
Several GO terms were significant for subcluster 8 which contained those proteins 
uniquely expressed in mature pollen grains. Our study suggested structural constituent of 
ribosome, ribosome localization and translation were all significantly under-represented 
terms in pollen treatments which was expected. Similarly, cytoskeleton and mitochondrial 
localization along with proton transport were all significantly over-represented terms to 
suggest preparation for a high demand of energy, possibly in the form of ATP, and structural 
proteins for dynamic changes in the cytoskeletal network. All of the GO terms identified 
appear to characterize biological processes or specific molecular functions accumulating 
specifically in pollen, irrespective of the which allele is present at the ga1 locus, but further 
investigation of the 150 proteins found in this subcluster is needed to determine if any are 
associated with the Ga1-s system.  
Evaluation of protein descriptions, GO terms and comparisons of proteins turned on or 
off by pollination further characterized gametophytic cross-incompatibility. The observation 
that more proteins were expressed in compatible vs. incompatible tissue with many of those 
proteins involved with cytoskeletal metabolism and regulation of gene expression was of 
interest. Although unexpected, identical GO terms for compatible and incompatible post-
pollinated tissue were found. Based on these results, our data suggests incompatibility is not 
controlled by a substantial tissue change but is mostly likely mediated by a specific 
interaction that does not result in large metabolic consequences. These results further support 
that incompatibility is caused by incongruity rather than active rejection as proposed by 
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Kermicle and Evans (2005) due to the specific interaction required between tissues 
containing matching alleles at the ga1 locus. 
It is possible that one or more of the proteins identified in this study is associated with 
the Ga1-s allele. Although this study provided a further understanding of Ga1-s, it could 
have been improved upon by investigating additional time points. Two hours after pollination 
appears to be the critical time point where compatible and incompatible pollen tubes diverge 
in growth rates (Zhang et al., 2012). Analysis of the proteome at this time point or at several 
time points thereafter would identify additional biological changes and how they might 
change over time. 
In conclusion, several proteins of interest for the Ga1-s system were identified. The 
62 proteins with unique expression to Ga1-s pollen, 23 unique to Ga1-s-containing pre-
pollinated pistil tissue, and 33 unique to incompatible pollinations are all proteins that could 
be hypothesized to be involved with gametophytic cross-incompatibility. Hierarchical cluster 
analysis produced eight protein subclusters, some of which were in response to Ga1-s. 
Several GO terms were found to be over- or under-represented when each individual protein 
subcluster was evaluated. Terms found over-represented in ga1 tissue types or compatible 
pollinations provide additional information on the biological processes or subcellular 
locations that were not highly represented in Ga1-s-containing tissue types or incompatible 
pollinations. Due to the high number of proteins with an unknown function in compatible 
pollinations, it further complicates the identification of proteins associated with pollen tube 
arrestment. Additional studies are needed to investigate specific proteins for their 
involvement, if any, with the Ga1-s system. 
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Table 1. Summary of mass spectrometry results for PSMs and proteins identified across all 
tissue types and genetic backgrounds. PSM = peptide-spectrum match, total number of 
peptides identified per sample. 
 
Treatment Genetic background and genotype Code PSMs Proteins 
identified 
Mature pollen    
 W22 (Ga1-s/Ga1-s) T1 6517 258 
 W22 (ga1/ga1) T2 7577 302 
Pre-pollinated pistil    
 PHG35 (Ga1-s/ga1) T3 7426 505 
 B102  (Ga1-s/ga1) T4 605 107 
 DJ7  (Ga1-s/ga1) T5 2488 245 
 Q381  (Ga1-s/ga1) T6 5757 438 
 W22 (Ga1-s/Ga1-s) T7 3811 334 
 W22 (ga1/ga1) T8 5051 407 
Post-pollinated pistil    
Incompatible PHG35 (Ga1-s/ga1)/W22 (ga1/ga1) T9 3663 346 
 B102 (Ga1-s/ga1)/W22 (ga1/ga1) T10 4252 373 
 DJ7 (Ga1-s/ga1)/W22 (ga1/ga1) T11 5692 385 
 Q381 (Ga1-s/ga1)/W22 (ga1/ga1) T12 5855 426 
 W22 (Ga1-s/Ga1-s)/W22 (ga1/ga1) T13 4438 369 
     
Compatible W22 (ga1/ga1)/W22 (Ga1-s/Ga1-s) T14 7070 456 
 PHG35 (Ga1-s/ga1)/W22 (Ga1-s/Ga1-s) T15 4902 370 
 B102 (Ga1-s/ga1)/W22 (Ga1-s/Ga1-s) T16 4177 365 
 DJ7 (Ga1-s/ga1)/W22 (Ga1-s/Ga1-s) T17 5600 376 
 Q381 (Ga1-s/ga1)/W22 (Ga1-s/Ga1-s) T18 9088 547 
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Figure 1. 1-D gel electrophoresis analysis for all 18 protein extracts. Molecular weight (kDa) is shown in the first 
column followed by the 18 protein extracts evaluated. The identity of each treatment is shown in Table 1. 
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Region Biological role # of 
compatible 
proteins 
# of 
incompatible 
proteins 
Supplementary 
table 
1 Pollen specific, turned off 
by pollination 
111 172 SI Table 4 
2 Pollen and pistil specific, 
turned off by pollination 
14 7 SI Table 5 
3 Always on, housekeeping 
proteins 
78 97 SI Table 6 
4 Pollen and pollinated pistil 
specific 
36 21 SI Table 7 
5 Pistil specific, turned off by 
pollination 
79 33 SI Table 8 
6 Pistil and pollinated pistil 
specific 
202 192 SI Table 9 
7 Pollinated pistil specific, 
turned on by pollination 
107 62 SI Table 10 
T1 
1 
4 
3 
T14 
7 6 
2 
T8 
5 
 
Figure 2. Venn diagram summary of proteins identified in each tissue involved in either a 
compatible or incompatible pollination. Codes for each tissue analyzed are underlined and 
found in Table 1. 
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Figure 3. Hierarchical clustering and heat map analysis for 
the 628 proteins expressed across the six treatments fixed 
for either the Ga1-s or ga1 allele. The identity of each 
treatment is shown in Table 1. Protein abundance values 
have been normalized using 250 fmol internal standards. 
 
Bar graphs represent average protein abundance (Y-axis) 
for each subcluster. Individual subclusters can be 
distinguished by the vertical color bar on the Y-axis of the 
heat map with subcluster 1 located at the top (light blue) 
and subcluster 8 located at the bottom (lime green). 
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Table 2. Summary of GO terms found to be significantly over- or under-represented in Figure 3 protein 
subclusters. SC=subcluster, OR=over-represented, UR=under-represented, GO=Gene Ontology, 
Occur=occurrence 
GO 
category 
GO Term SC 
# 
Occur. of 
GO term 
in SC 
All terms in 
SC 
Occur. of GO 
term in 
dataset 
All terms 
in dataset 
OR        
p-value 
UR       
p-value 
Molecular 
Function 
oxidoreductase activity 1 15 277 110 1162 0.9863 0.0262 
 unknown 2 15 169 52 1162 0.0229 0.9898 
 oxidoreductase activity 4 24 159 110 1162 0.0388 0.9780 
 fructose-bisphosphate 
aldolase activity 
5 1 11 3 1162 0.0402 0.9994 
 succinate dehydrogenase 
activity 
5 1 11 3 1162 0.0402 0.9994 
 ribulose-bisphosphate 
carboxylase activity 
6 5 65 8 1162 0.0004 1.0000 
 malate dehydrogenase 
activity 
7 2 39 7 1162 0.0347 0.9974 
 pyruvate dehydrogenase 
activity 
8 5 306 5 1162 0.0396 0.9919 
 structural constituent of 
ribosome 
8 2 306 74 1162 1.0000 <.0001 
Cellular 
Component 
peroxisome 1 6 213 6 941 0.0139 0.9975 
 ribosome 1 28 213 80 941 0.0426 0.9750 
 cytoplasm 4 47 142 222 941 0.0425 0.9719 
 mitochondrion 5 3 7 81 941 0.0411 0.9941 
 chloroplast 6 12 52 90 941 0.0117 0.9958 
 cytoskeleton 7 5 35 34 941 0.0158 0.9968 
 chloroplast 8 12 228 90 941 0.9839 0.0325 
 cytoskeleton 8 16 228 34 941 0.0282 0.9872 
 mitochondrion 8 37 228 81 941 0.0025 0.9987 
 nucleus 8 4 228 60 941 0.9992 0.0033 
 ribosome 8 3 228 80 941 1.0000 <.0001 
Biological 
Process 
cell redox homeostasis 1 4 235 4 1037 0.0444 0.9925 
 metabolic process 1 7 235 8 1037 0.0124 0.9973 
 glyoxylate cycle 1 1 235 30 1037 0.9981 0.0152 
 flavonoid biosynthetic 
process 
3 3 128 3 1037 0.0212 0.9981 
 S-adenosyl methionine 
biosynthetic process 
4 3 157 3 1037 0.0343 0.9963 
 glyoxylate cycle 5 2 8 30 1037 0.0332 0.9975 
 carbon fixation 6 5 65 9 1037 0.0011 0.9999 
 pentose-phosphate shunt 6 5 65 17 1037 0.0093 0.9984 
 photosynthesis 6 9 65 28 1037 0.0004 0.9999 
 photosynthesis 8 2 268 28 1037 0.9908 0.0400 
 proton transport 8 10 268 13 1037 0.0117 0.9966 
 translation 8 5 268 85 1037 1.000 0.0001 
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Figure 4. Hierarchical clustering and heat map analysis for the 683 proteins expressed 
across 18 different treatments. The identity of each treatment is shown in Table 1. 
Protein abundance values have been normalized using 250 fmol internal standards.  
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CHAPTER 5. GENERAL CONCLUSIONS 
 
Increased methionine concentrations and high hybrid performance are two important 
breeding objectives for some organic programs. Based on the results from this study, it may 
be possible to produce hybrids with high adaptation to diverse organic growing conditions 
and increased methionine concentrations. One feasible strategy to achieve both breeding 
objectives may be crossing inbred lines with different genetic mechanisms, such as dzr1 and 
recurrent selection, and adaptations to geographically diverse environments. 
Maize with increased grain methionine concentration could be marketed as a 
specialty crop variety which would require market class distinction. Use of a gametophytic 
cross-incompatibility system, such as Ga1-s, would permit this distinction and reduce high 
methionine hybrids from being contaminated by pollen without a genetic mechanism to 
increase the methionine concentration. 
Protecting the genetic purity of the organic market class can be achieved through use 
of a gametophytic cross-incompatibility system. Cooperation between different breeding 
programs utilizing the Ga1-s system may lead to the production of hybrids with high yields 
and yield stability capable of minimizing transgene contamination. Such hybrids would be 
highly sought after by organic producers and further necessitate protection of the organic 
market class.  
Breeding programs often select for multiple traits during inbred and hybrid 
development. Introgression of the Ga1-s system and one genetic mechanism to increase 
methionine concentration into the same germplasm is reasonable for any breeding program 
during inbred development. Furthermore, cooperating programs with similar breeding 
objectives could exchange germplasm to evaluate novel hybrids for the organic community. 
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Such hybrids would be evaluated and selected for high methionine, yield, yield stability, and 
the ability to exclude incompatible pollen haplotypes. 
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Supplementary Information, Table 1. Comparison of proteins identified in pollen extracts. 
The identity of each treatment is shown in Table 1. 
Treatment Accession Protein description Protein 
coverage 
T1    
 P35082 Profilin-2 60.31 
 P30173 Actin-101 58.09 
 P46258 Actin-3 57.29 
 Q9FUD1 Profilin-A 53.44 
 P93371 Actin-93 (Fragment) 52.68 
 P04709 ADP,ATP carrier protein 1, mitochondrial 46.51 
 A4KA55 Profilin-6 45.80 
 A4GFC3 Profilin-3 38.93 
 Q9ZRA8 Tubulin beta-5 chain 36.91 
 Q42971 Enolase 26.46 
 A4GDR6 Profilin-4 26.12 
 Q96564 40S ribosomal protein S27 22.09 
 P12459 Tubulin beta-1 chain 20.90 
 Q6ZHA3 Rac-like GTP-binding protein 6 20.81 
 P34824 Elongation factor 1-alpha 16.55 
 O23778 ADP-ribosylation factor 1 15.47 
 P26519 Glyceraldehyde-3-phosphate dehydrogenase, cytosolic 13.39 
 B7F958 UDP-glucose 6-dehydrogenase 2 12.66 
 P46256 Fructose-bisphosphate aldolase, cytoplasmic isozyme 1 12.61 
 P59229 V-type proton ATPase subunit c4 10.84 
 Q945M1 NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 9 10.26 
 P53763 Uricase-2 9.74 
 Q6PSU2 Conglutin-7 9.30 
 P51615 NADP-dependent malic enzyme 8.97 
 A4GFB9 Profilin-4 7.63 
 Q8SKU2 Protein TIC 62, chloroplastic 7.49 
 Q945K7 Isocitrate dehydrogenase [NAD] catalytic subunit 5, mitochondrial 7.49 
 Q6YZA4 Germin-like protein 8-6 7.11 
 Q9ASS6 Photosynthetic NDH subunit of lumenal location 5, chloroplastic 6.95 
 Q43134 Granule-bound starch synthase 1, chloroplastic/amyloplastic 6.91 
 A4RUK2 40S ribosomal protein 6.21 
 Q9ZUT4 Pentatricopeptide repeat-containing protein At2g37320 6.20 
 P31166 Adenine phosphoribosyltransferase 1, chloroplastic 6.17 
 B8AEH1 Two-component response regulator ORR23 6.10 
 Q9SAJ6 Glyceraldehyde-3-phosphate dehydrogenase GAPCP1, chloroplastic 5.92 
 Q2QUN2 Laccase-24 5.87 
 O64766 Pentatricopeptide repeat-containing protein At2g35030, mitochondrial 4.94 
 Q7FGZ2 DEAD-box ATP-dependent RNA helicase 1 4.79 
 P49298 Citrate synthase, mitochondrial 4.67 
 M1CZC0 ERBB-3 BINDING PROTEIN 1 4.65 
 Q42577 NADH dehydrogenase [ubiquinone] iron-sulfur protein 7, mitochondrial 4.59 
 P31184 Ribulose bisphosphate carboxylase large chain (Fragment) 4.46 
 P42054 Outer plastidial membrane protein porin 4.35 
 F4JP36 Protein HAPLESS 2 4.11 
 Q9FI25 Berberine bridge enzyme-like 27 3.93 
 Q9SUU7 Pentatricopeptide repeat-containing protein At4g32450, mitochondrial 3.72 
 Q6ZJJ0 Beta-galactosidase 11 3.42 
 Q651Z7 Kinesin-like protein KIN-7J 2.90 
 Q39256 Polyubiquitin 8 2.85 
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Supplementary Information, Table 1 cont. 
 
Treatment Accession Protein description Protein 
coverage 
T1    
 Q9LT21 F-box protein At3g19880 2.57 
 Q39821 Dynamin-related protein 12A 2.46 
 Q9FMU6 Mitochondrial phosphate carrier protein 3, mitochondrial 2.40 
 B8BJ39 Pyruvate kinase 1, cytosolic 2.28 
 P42862 Glucose-6-phosphate isomerase, cytosolic A 2.12 
 O04130 D-3-phosphoglycerate dehydrogenase 2, chloroplastic 2.08 
 Q08276 Heat shock 70 kDa protein, mitochondrial 2.05 
 Q9C587 Replication factor C subunit 1 1.78 
 Q43007 Phospholipase D alpha 1 1.35 
 Q9ZU46 Receptor protein kinase-like protein ZAR1 1.12 
 Q0WVW7 ATP-dependent DNA helicase Q-like 5 1.10 
 Q8RXS6 DNA helicase INO80 0.86 
 A7M9B2 Protein TIC 214 0.46 
T2    
 P80627 Unknown protein from etiolated coleoptile (Fragment) 83.33 
 P35083 Profilin-3 60.31 
 A4KA57 Profilin-8 59.54 
 O65316 Actin 47.48 
 P30169 Actin-75  41.64 
 P33631 Tubulin beta-2 chain (Fragment)  40.63 
 P29500 Tubulin beta-1 chain 38.67 
 P02581 Actin-1 31.30 
 P08735 Glyceraldehyde-3-phosphate dehydrogenase 1, cytosolic 30.27 
 P92549 ATP synthase subunit alpha, mitochondrial 28.40 
 O48920 ADP-ribosylation factor 26.52 
 P06385 50S ribosomal protein L20, chloroplastic 22.41 
 Q9LHA8 Probable mediator of RNA polymerase II transcription subunit 37c 21.85 
 P43643 Elongation factor 1-alpha 20.58 
 Q8H6A5 Translationally-controlled tumor protein homolog 20.36 
 P59232 Ubiquitin-40S ribosomal protein S27a-2 19.75 
 Q43298 Chaperonin CPN60-2, mitochondrial 18.75 
 Q9ZP06 Malate dehydrogenase 1, mitochondrial 17.89 
 P21568 Peptidyl-prolyl cis-trans isomerase 15.20 
 Q43772 UTP--glucose-1-phosphate uridylyltransferase 14.59 
 P55240 Glucose-1-phosphate adenylyltransferase small subunit (Fragment) 14.40 
 O04369 Rac-like GTP-binding protein RAC1 14.21 
 Q9SRZ6 Cytosolic isocitrate dehydrogenase [NADP] 13.17 
 Q9LSH2 Glutamate decarboxylase 5 13.16 
 P04713 Granule-bound starch synthase 1, chloroplastic/amyloplastic 13.06 
 O04138 Chitinase 4 12.98 
 P30174 Actin-depolymerizing factor (Fragment) 12.70 
 P32112 Adenosylhomocysteinase 12.37 
 Q75GS4 UDP-glucose 6-dehydrogenase 1 11.85 
 O80501 Ras-related protein RABH1b 11.54 
 A2Y7R5 GTP-binding nuclear protein Ran-2 11.31 
 A4QLB3 ATP synthase subunit beta, chloroplastic 9.36 
 Q43175 Citrate synthase, mitochondrial 9.34 
 A9PHC5 S-adenosylmethionine synthase 4 9.23 
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 Q69LA6 Probable pyridoxal 5'-phosphate synthase subunit PDX1.1 8.81 
 Q9FHW7 SKP1-like protein 1B 8.77 
 Q2QLY5 5-methyltetrahydropteroyltriglutamate--homocysteine 
methyltransferase 1 
8.49 
 Q9AT34 40S ribosomal protein S15a 8.46 
 P20115 Citrate synthase 4, mitochondrial 8.44 
 Q9XGM1 V-type proton ATPase subunit D 8.43 
 Q9SP02 Peptidyl-prolyl cis-trans isomerase CYP20-1 8.33 
 Q9SZ95 Putative F-box protein At4g09790  8.26 
 Q9TL16 ATP synthase subunit alpha, chloroplastic 7.78 
 P42794 60S ribosomal protein L11-2 7.69 
 P42055 Mitochondrial outer membrane protein porin of 34 kDa 7.61 
 Q69TY4 Peroxiredoxin-2E-1, chloroplastic 7.33 
 P46295 40S ribosomal protein S14  7.19 
 P36183 Endoplasmin homolog 7.17 
 Q9S9P1 40S ribosomal protein S12-1 6.94 
 P43279 NADP-dependent malic enzyme, chloroplastic 6.57 
 Q9XJ54 Nuclear transport factor 2 6.56 
 P49105 Glucose-6-phosphate isomerase, cytosolic  6.00 
 P35686 40S ribosomal protein S20 5.47 
 Q08466 Casein kinase II subunit alpha-2 5.46 
 Q03943 Membrane-associated 30 kDa protein, chloroplastic 5.26 
 Q9ZUZ2 CDPK-related kinase 3 5.21 
 Q9XET4 40S ribosomal protein S7  5.21 
 O03986 Heat shock protein 90-4  5.01 
 Q6YXQ6 NAD(P)H-quinone oxidoreductase subunit 5, chloroplastic 5.00 
 P04907 Glutathione S-transferase 3 4.95 
 Q6NMM8 Probable glucuronoxylan glucuronosyltransferase F8H 4.90 
 Q7XTJ3 Pyruvate dehydrogenase E1 component subunit alpha-3, chloroplastic 4.71 
 Q9M2Z8 Mitochondrial phosphate carrier protein 2, mitochondrial 4.68 
 P41213 Leucoanthocyanidin dioxygenase 4.56 
 P42803 Inositol-3-phosphate synthase 4.51 
 Q9SZJ5 Serine hydroxymethyltransferase 1, mitochondrial 4.45 
 Q01899 Heat shock 70 kDa protein, mitochondrial 4.44 
 Q6K641 Eukaryotic translation initiation factor isoform 4G-2 4.36 
 Q7YMV1 Maturase K 4.32 
 Q31669 Ribulose bisphosphate carboxylase large chain (Fragment) 4.27 
 Q10G39 Pyruvate dehydrogenase E1 component subunit beta-4, chloroplastic 4.25 
 Q9ZV36 UDP-glucuronic acid decarboxylase 6 4.08 
 Q9SAK4 Succinate-semialdehyde dehydrogenase, mitochondrial 3.98 
 Q9MB46 V-type proton ATPase subunit E 3.91 
 P52588 Protein disulfide-isomerase 3.90 
 P52580 Isoflavone reductase homolog IRL 3.88 
 P38076 Cysteine synthase 3.69 
 Q8H3C7 IAA-amino acid hydrolase ILR1-like 9 3.64 
 Q9SJ12 Probable ATP synthase 24 kDa subunit, mitochondrial 3.33 
 P52877 Phosphoserine aminotransferase, chloroplastic 3.26 
 Q40977 Monodehydroascorbate reductase 3.23 
 F4HW17 Transmembrane 9 superfamily member 5 3.23 
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 O82709 Calnexin homolog 2.90 
 Q9XEE2 Annexin D2 2.84 
 B0Z4S4 Cytochrome c biogenesis protein CcsA 2.82 
 Q9SYM5 UDP-4-keto-6-deoxy-D-glucose 3,5-epimerase 2.69 
 Q9ASR1 Elongation factor 2  2.61 
 P49727 Cytochrome b-c1 complex subunit Rieske, mitochondrial 2.56 
 Q6ESZ9 Serine decarboxylase 1 2.49 
 Q2QSR8 Beta-glucosidase 38 2.44 
 A6MMN9 DNA-directed RNA polymerase subunit alpha 2.37 
 P58766 Phospholipase D alpha 3  2.20 
 Q2QMX9 Calcium-transporting ATPase 1, plasma membrane-type 2.16 
 Q9SJU4 Fructose-bisphosphate aldolase 1, chloroplastic 2.01 
 Q9T0E0 Putative ATPase, plasma membrane-like 1.72 
 Q7XBQ9 Disease resistance protein RGA2 1.65 
 Q94C74 Serine hydroxymethyltransferase 2, mitochondrial 1.55 
 Q9ZT91 Elongation factor Tu, mitochondrial 1.54 
 P93844 Phospholipase D alpha 2 1.47 
 Q9FN69 Transcription factor GLABRA 3  1.41 
 O48651 Squalene monooxygenase 1.30 
 Q67VS7 Probable mannan synthase 9 1.14 
 Q9S7P3 Kinesin-like protein KIN-7N 1.09 
 Q3E8Z8 Putative pectinesterase/pectinesterase inhibitor 28 1.09 
 P31927 Sucrose-phosphate synthase 1.03 
 F4JRJ6 Probable pre-mRNA-splicing factor ATP-dependent RNA helicase DEAH9 1.01 
Shared    
 P84209 Malate dehydrogenase, mitochondrial (Fragments) 100.00 
 P53504 Actin-1 89.92 
 P30171 Actin-97 83.29 
 P0C1Y5 Expansin-B11 79.18 
 Q96482 Actin-41 (Fragment) 78.87 
 Q43247 Glyceraldehyde-3-phosphate dehydrogenase 3, cytosolic 78.34 
 P19023 ATP synthase subunit beta, mitochondrial 76.31 
 Q1ZYQ8 Expansin-B10 75.56 
 P58738 Expansin-B1 74.35 
 Q07154 Expansin-B9  69.52 
 P93375 Actin-104 (Fragment)  66.37 
 P05494 ATP synthase subunit alpha, mitochondrial 65.35 
 P26301 Enolase 1 62.56 
 P49087 V-type proton ATPase catalytic subunit A (Fragment) 62.39 
 P35081 Profilin-1 60.31 
 A4KA56 Profilin-7 59.54 
 P08440 Fructose-bisphosphate aldolase, cytoplasmic isozyme 58.87 
 P80607 Alpha-1,4-glucan-protein synthase [UDP-forming] 58.24 
 Q40078 V-type proton ATPase subunit B 1 57.79 
 P21569 Peptidyl-prolyl cis-trans isomerase 56.40 
 P26216 Exopolygalacturonase 56.34 
 P46251 Actin-depolymerizing factor 1 53.24 
 Q43694 Actin-depolymerizing factor 2 53.24 
 P35338 Exopolygalacturonase 52.20 
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 P12863 Triosephosphate isomerase, cytosolic 51.78 
 Q43433 V-type proton ATPase subunit B 2 (Fragment) 49.48 
 O22347 Tubulin alpha-1 chain 48.78 
 P12857 ADP,ATP carrier protein 2, mitochondrial 47.80 
 Q05737 GTP-binding protein YPTM2 47.78 
 P24067 Luminal-binding protein 2 46.76 
 P35339 Exopolygalacturonase 46.59 
 Q6XZ78 Fructokinase-2 46.57 
 Q41782 Tubulin beta-4 chain 46.53 
 P30168 Actin-71 46.15 
 P04464 Calmodulin 45.64 
 O24581 Luminal-binding protein 3  45.25 
 O65315 Actin 45.09 
 P42057 Outer plastidial membrane protein porin 44.40 
 P53498 Actin 41.64 
 O22349 Tubulin alpha-3 chain 39.78 
 P18026 Tubulin beta-2 chain 38.96 
 P09233 Superoxide dismutase [Mn] 3.1, mitochondrial 38.30 
 Q8H8T0 UDP-arabinopyranose mutase 1 37.36 
 P27164 Calmodulin-related protein 36.96 
 P41980 Superoxide dismutase [Mn] 3.4, mitochondrial 35.62 
 Q6ZKC0 14-3-3-like protein GF14-C 35.16 
 P09469 V-type proton ATPase catalytic subunit A 34.83 
 Q6K9N6 Succinate--CoA ligase [ADP-forming] subunit beta, mitochondrial 34.36 
 P30792 2,3-bisphosphoglycerate-independent phosphoglycerate mutase 32.92 
 P0C542 Actin-7 32.71 
 Q6Z5N4 Pyruvate dehydrogenase E1 component subunit alpha-1, mitochondrial 32.31 
 P42895 Enolase 2 31.39 
 Q2R2W2 14-3-3-like protein GF14-D 30.94 
 P29511 Tubulin alpha-6 chain 30.44 
 A2YQT7 Glyceraldehyde-3-phosphate dehydrogenase, cytosolic 30.27 
 O24573 60S acidic ribosomal protein P0 29.78 
 P93804 Phosphoglucomutase, cytoplasmic 1 29.16 
 Q9ZRJ4 Tubulin alpha chain 29.05 
 P46226 Triosephosphate isomerase, cytosolic 28.85 
 Q6VAG1 Tubulin alpha-1 chain 27.49 
 A4KA43 Profilin-6 27.48 
 Q9FE01 L-ascorbate peroxidase 2, cytosolic 26.69 
 P31674 40S ribosomal protein S15 26.62 
 Q9SDX3 UTP--glucose-1-phosphate uridylyltransferase 24.41 
 P35683 Eukaryotic initiation factor 4A-1 23.91 
 Q6ZL94 Probable succinate--CoA ligase [ADP-forming] subunit alpha, mitochondrial 23.26 
 P49106 14-3-3-like protein GF14-6 22.99 
 P25076 Cytochrome c1-1, heme protein, mitochondrial 22.19 
 P12783 Phosphoglycerate kinase, cytosolic 21.95 
 P29185 Chaperonin CPN60-1, mitochondrial 21.84 
 O48556 Soluble inorganic pyrophosphatase 21.50 
 Q2QS13 UDP-glucose 6-dehydrogenase 5  21.46 
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 Q6ZDY8 Succinate dehydrogenase [ubiquinone] flavoprotein subunit, mitochondrial 21.27 
 O81372 Nucleoside diphosphate kinase 1 20.95 
 P00057 Cytochrome c 20.72 
 A2Y053 S-adenosylmethionine synthase 1 20.71 
 Q9LKA3 Malate dehydrogenase 2, mitochondrial 20.23 
 Q7SIC9 Transketolase, chloroplastic 20.00 
 O49169 Elongation factor 1-alpha 19.60 
 O24047 Malate dehydrogenase, cytoplasmic 19.28 
 Q84VG0 Probable calcium-binding protein CML7  18.92 
 Q5N725 Fructose-bisphosphate aldolase 3, cytoplasmic 18.44 
 Q9SP22 Calreticulin 18.33 
 Q6YYW5 Expansin-A32  17.84 
 O23979 Soluble inorganic pyrophosphatase 17.21 
 P09004 ATP synthase protein MI25 16.89 
 Q6ZJJ1 Probable L-ascorbate peroxidase 4 16.84 
 Q7M1X5 Major pollen allergen Lol p 11 16.42 
 P27322 Heat shock cognate 70 kDa protein 2 16.15 
 P42653 14-3-3-like protein A  16.09 
 P22954 Probable mediator of RNA polymerase II transcription subunit 37c 15.93 
 P50249 Adenosylhomocysteinase 15.88 
 Q9LK36 Adenosylhomocysteinase 2 15.26 
 Q6EUH7 Actin-depolymerizing factor 1  15.11 
 O24413 60S acidic ribosomal protein P3 15.00 
 Q942L2 Protein disulfide isomerase-like 2-2 14.82 
 P52855 60S acidic ribosomal protein P1 14.68 
 O50003 60S ribosomal protein L12 14.46 
 Q0J0H4 Pyruvate dehydrogenase E1 component subunit beta-2, mitochondrial 14.36 
 Q9LZI2 UDP-glucuronic acid decarboxylase 2 14.16 
 Q9SLY8 Calreticulin 14.15 
 Q7F4F8 Mitochondrial outer membrane protein porin 3 13.82 
 O80433 Citrate synthase, mitochondrial 13.77 
 P50217 Isocitrate dehydrogenase [NADP] 13.70 
 Q6Z1G7 Pyruvate dehydrogenase E1 component subunit beta-1, mitochondrial 13.64 
 P12653 Glutathione S-transferase 1 13.55 
 Q9FPK7 Inositol-3-phosphate synthase 13.53 
 P24669 Superoxide dismutase [Cu-Zn]  12.99 
 P38561 Glutamine synthetase root isozyme 3 12.92 
 Q8LCE1 Glutamine synthetase cytosolic isozyme 1-2 12.92 
 Q75M08 Protein disulfide isomerase-like 2-1 12.57 
 O65107 Photosystem I reaction center subunit N, chloroplastic (Fragment) 12.50 
 Q67UF5 Protein disulfide isomerase-like 2-3 12.02 
 Q9FNN5 NADH dehydrogenase [ubiquinone] flavoprotein 1, mitochondrial 11.93 
 Q2QLY4 5-methyltetrahydropteroyltriglutamate--homocysteine methyltransferase 2 11.88 
 P52904 Pyruvate dehydrogenase E1 component subunit beta, mitochondrial 11.70 
 A2XFC7 L-ascorbate peroxidase 1, cytosolic 11.60 
 Q8LQ68 Hexokinase-6 11.46 
 Q96254 Guanosine nucleotide diphosphate dissociation inhibitor 1 11.24 
 Q0J4P2 Heat shock protein 81-1 11.16 
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 P29696 3-isopropylmalate dehydrogenase, chloroplastic 10.92 
 Q42521 Glutamate decarboxylase 1 10.76 
 Q9M9B4 NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 10-A 10.28 
 A2YH64 Catalase isozyme B 9.96 
 A5BUU4 40S ribosomal protein SA 9.94 
 O81796 Isocitrate dehydrogenase [NAD] regulatory subunit 3, mitochondrial 9.78 
 Q9M5L0 60S ribosomal protein L35 9.76 
 P00074 Cytochrome c  9.73 
 Q5W676 Hexokinase-5 8.88 
 Q6ER94 2-Cys peroxiredoxin BAS1, chloroplastic 8.81 
 A6N0M9 Nucleoside diphosphate kinase 1 8.72 
 P93554 Nucleoside diphosphate kinase 1 8.72 
 P21616 Pyrophosphate-energized vacuolar membrane proton pump 8.62 
 Q42962 Phosphoglycerate kinase, cytosolic 8.48 
 Q8LG77 Isocitrate dehydrogenase [NAD] catalytic subunit 6, mitochondrial 8.29 
 Q39635 Uncharacterized 38.1 kDa protein 8.28 
 Q42472 Glutamate decarboxylase 2 8.10 
 Q9FT52 ATP synthase subunit d, mitochondrial 7.74 
 P00412 Cytochrome c oxidase subunit 2 7.69 
 P56333 Eukaryotic translation initiation factor 5A-1/2 7.50 
 Q9M573 60S ribosomal protein L31 7.44 
 Q0DAE4 Glutaredoxin-C8 7.35 
 P49608 Aconitate hydratase, cytoplasmic 7.35 
 Q6L5F7 Mitogen-activated protein kinase 17 7.22 
 Q9S827 Succinate dehydrogenase [ubiquinone] iron-sulfur subunit 1, mitochondrial 7.12 
 Q2QP13 Expansin-A26 6.90 
 P49175 Beta-fructofuranosidase 1 6.72 
 Q41266 Ubiquinol oxidase 2, mitochondrial 6.61 
 Q42669 Aconitate hydratase (Fragment) 6.41 
 Q0IZZ8 Beta-galactosidase 12  6.37 
 Q9ATM0 Aquaporin TIP1-2 6.30 
 Q43472 Glycine-rich RNA-binding protein blt801 6.21 
 P35016 Endoplasmin homolog 6.12 
 Q9FGI6 NADH dehydrogenase [ubiquinone] iron-sulfur protein 1, mitochondrial 5.88 
 P21343 Pyrophosphate--fructose 6-phosphate 1-phosphotransferase subunit beta 5.80 
 Q6YZX6 Putative aconitate hydratase, cytoplasmic 5.79 
 P29038 L-lactate dehydrogenase 5.65 
 P12628 NADP-dependent malic enzyme 5.60 
 Q2V6K1 Putative UDP-glucose glucosyltransferase 5.26 
 Q69Q02 4-alpha-glucanotransferase DPE2 5.18 
 Q9M1D3 Citrate synthase 5, mitochondrial 5.17 
 Q42290 Probable mitochondrial-processing peptidase subunit beta, mitochondrial 5.08 
 O49203 Nucleoside diphosphate kinase III, chloroplastic/mitochondrial 5.04 
 P51427 40S ribosomal protein S5-2 4.83 
 Q9ZV56 Choline-phosphate cytidylyltransferase 1 4.82 
 P93207 14-3-3 protein 10 4.76 
 Q9M5K2 Dihydrolipoyl dehydrogenase 2, mitochondrial 4.73 
 Q9SK66 NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 9, 
mitochondrial 
4.73 
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 Q9LNK1 Ras-related protein RABA3 4.64 
 P93032 Isocitrate dehydrogenase [NAD] regulatory subunit 2, mitochondrial 4.63 
 O23755 Elongation factor 2  4.63 
 A2Z7B3 GDP-mannose 3,5-epimerase 1 4.23 
 Q8RUN1 Calcium-transporting ATPase 3, plasma membrane-type 4.03 
 P28011 Aspartate aminotransferase 1  3.35 
 Q93VT8 ATP-citrate synthase beta chain protein 1 3.13 
 Q9LY32 ATPase 7, plasma membrane-type 3.02 
 O04916 Aconitate hydratase, cytoplasmic (Fragment) 2.92 
 P27140 Beta carbonic anhydrase 1, chloroplastic  2.88 
 Q96327 ERBB-3 BINDING PROTEIN 1 2.81 
 Q9FPT1 Ubiquitin carboxyl-terminal hydrolase 12 2.78 
 Q56UD0 Beta-fructofuranosidase, insoluble isoenzyme 6 2.68 
 Q9FEW9 12-oxophytodienoate reductase 3 2.53 
 P93033 Fumarate hydratase 1, mitochondrial 2.44 
 P54770 Tyrosine/DOPA decarboxylase 3  2.25 
 Q94A28 Aconitate hydratase 3, mitochondrial 2.21 
 Q9ZU25 Probable mitochondrial-processing peptidase subunit alpha-1, 
mitochondrial 
1.99 
 Q9LV35 Actin-interacting protein 1-2 1.97 
 Q10L71 Villin-2 1.97 
 Q5Q0E6 Type 2 DNA topoisomerase 6 subunit B-like 1.90 
 A2YQ76 Pyruvate decarboxylase 3 1.87 
 O49485 D-3-phosphoglycerate dehydrogenase 1, chloroplastic 1.82 
 O98639 Maturase K 1.58 
 Q940Y8 Kinesin-like protein KIN-13B 1.46 
 P32811 Alpha-glucan phosphorylase, H isozyme 1.07 
 Q9LJX4 Pumilio homolog 5 0.94 
 Q9FGY1 Beta-D-xylosidase 1 0.90 
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T7    
 P85917 Putative heat shock protein 2 (Fragment) 100.00 
 P43643 Elongation factor 1-alpha 31.54 
 Q10L32 Peptide methionine sulfoxide reductase B5 27.94 
 P30169 Actin-75 27.32 
 Q37328 Ribulose bisphosphate carboxylase large chain (Fragment) 27.25 
 Q31750 Ribulose bisphosphate carboxylase large chain (Fragment) 23.24 
 Q96292 Actin-2 23.08 
 P28413 Ribulose bisphosphate carboxylase large chain (Fragment) 22.91 
 Q33619 Ribulose bisphosphate carboxylase large chain (Fragment) 21.14 
 P46226 Triosephosphate isomerase, cytosolic 20.16 
 Q06SC5 Cytochrome b559 subunit beta 18.60 
 Q9ZPN8 Tubulin beta-3 chain 17.94 
 Q3V526 Ribulose bisphosphate carboxylase large chain 17.92 
 P27322 Heat shock cognate 70 kDa protein 2 17.86 
 Q0ITW7 Alcohol dehydrogenase 2 17.15 
 Q9SAJ4 Phosphoglycerate kinase 3, cytosolic 16.21 
 Q9ZPN9 Tubulin beta-2 chain 15.40 
 P12810 16.9 kDa class I heat shock protein 1 15.23 
 Q9S7H1 Photosystem I reaction center subunit II-1, chloroplastic 14.42 
 Q43766 Non-specific lipid-transfer protein 3 14.41 
 Q943F3 60S ribosomal protein L18a 13.48 
 P93407 Superoxide dismutase [Cu-Zn], chloroplastic 13.27 
 P04707 Alcohol dehydrogenase 2  12.66 
 Q9FYS5 HMG-Y-related protein A 12.44 
 Q08275 17.0 kDa class II heat shock protein 12.34 
 P24629 Heat shock cognate 70 kDa protein 1 12.15 
 O49884 60S ribosomal protein L30 11.61 
 O04848 Probable histone H2AXa 11.27 
 P23321 Oxygen-evolving enhancer protein 1-1, chloroplastic 10.54 
 P52855 60S acidic ribosomal protein P1 10.09 
 Q94A97 Ubiquitin-conjugating enzyme E2 35 9.80 
 Q9M3V8 40S ribosomal protein S6 9.56 
 A9NUH8 S-adenosylmethionine synthase 1 9.41 
 Q40677 Fructose-bisphosphate aldolase, chloroplastic 9.28 
 Q10717 Cysteine proteinase 2 9.17 
 O49886 Peptidyl-prolyl cis-trans isomerase 8.14 
 P38561 Glutamine synthetase root isozyme 3 7.87 
 P25765 Chitinase 12 7.36 
 Q42560 Aconitate hydratase 1 7.35 
 Q9ZT00 Ribulose bisphosphate carboxylase/oxygenase activase, chloroplastic 7.16 
 Q5S1S6 Peroxiredoxin Q, chloroplastic 6.91 
 P16016 Carbonic anhydrase, chloroplastic 6.90 
 Q9SIB9 Aconitate hydratase 2, mitochondrial 6.46 
 P29036 Ferritin-1, chloroplastic 6.30 
 Q9XGD5 Caffeoyl-CoA O-methyltransferase 2 6.06 
 Q9LIP3 Cytochrome P450 71B37 6.00 
 A1XBB7 Protein IN2-1 homolog B 5.74 
 P29022 Endochitinase A 5.71 
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 Q42669 Aconitate hydratase (Fragment) 5.50 
 Q6I544 Germin-like protein 5-1 5.43 
 O81149 Proteasome subunit alpha type-5-A 5.06 
 Q08277 Heat shock protein 82 4.62 
 P68209 Succinate--CoA ligase [ADP-forming] subunit alpha-1, mitochondrial 4.61 
 Q7XCK6 Chitinase 8 4.60 
 A3A2W2 CASP-like protein 4A2 4.55 
 Q3L181 Perakine reductase 4.15 
 O82191 NADP-dependent malic enzyme 1 4.13 
 O48551 Proteasome subunit alpha type-6 4.07 
 C6TBN2 Probable aldo-keto reductase 1 4.05 
 Q7XKE9 Clathrin light chain 1 3.99 
 Q9ZRI8 Formate dehydrogenase, mitochondrial 3.71 
 Q56WD9 3-ketoacyl-CoA thiolase 2, peroxisomal 3.68 
 Q9S827 Succinate dehydrogenase [ubiquinone] iron-sulfur subunit 1, 
mitochondrial 
3.56 
 Q9SXP2 Formate dehydrogenase 1, mitochondrial 3.46 
 Q93YR3 FAM10 family protein At4g22670 3.17 
 P50217 Isocitrate dehydrogenase [NADP] 3.13 
 P12302 Oxygen-evolving enhancer protein 2, chloroplastic 3.00 
 Q42711 Monodehydroascorbate reductase, seedling isozyme 3.00 
 Q9SF40 60S ribosomal protein L4-1 2.96 
 F4IYM4 Protein DEFECTIVE IN EXINE FORMATION 1 2.90 
 P29114 Linoleate 9S-lipoxygenase 1 2.90 
 Q9ZRF1 Probable mannitol dehydrogenase 2.79 
 A7QEU4 Peroxidase 5 2.74 
 Q9M0G5 Putative cysteine-rich receptor-like protein kinase 43 2.72 
 Q3E6Q1 Pentatricopeptide repeat-containing protein At1g11290, chloroplastic 2.72 
 Q9FUM1 Elongation factor 1-gamma 2.61 
 Q38931 Peptidyl-prolyl cis-trans isomerase FKBP62 2.54 
 B7F958 UDP-glucose 6-dehydrogenase 2 2.49 
 P93115 Monogalactosyldiacylglycerol synthase, chloroplastic 2.48 
 B9FFD2 Putative 12-oxophytodienoate reductase 12 2.46 
 Q94A28 Aconitate hydratase 3, mitochondrial 2.41 
 Q6K9N6 Succinate--CoA ligase [ADP-forming] subunit beta, mitochondrial 2.37 
 P26854 ATP synthase subunit alpha, mitochondrial 2.34 
 Q94AR8 3-isopropylmalate dehydratase large subunit, chloroplastic 2.16 
 Q08276 Heat shock 70 kDa protein, mitochondrial 2.05 
 P26563 Aspartate aminotransferase P2, mitochondrial (Fragment) 1.98 
 O48786 Cytochrome P450 734A1 1.92 
 Q9SQI2 Protein GIGANTEA 1.71 
 Q9STX5 Endoplasmin homolog 1.70 
 Q9FXA4 U-box domain-containing protein 26 1.66 
 P54238 Glucose-6-phosphate isomerase, cytosolic 1 1.40 
 Q7G794 Putative linoleate 9S-lipoxygenase 3 1.27 
 Q9C614 Probable L-gulonolactone oxidase 1 1.18 
 Q9SMV7 DNA mismatch repair protein MSH7 0.99 
 Q9ZQX8 Protein NETWORKED 1C 0.90 
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 P85333 Peroxidase 2 (Fragment) 100.00 
 P84545 Dihydrolipoyl dehydrogenase (Fragment) 72.73 
 P80610 Unknown protein from etiolated coleoptile (Fragment) 71.43 
 O81221 Actin 51.99 
 P93375 Actin-104 (Fragment) 48.21 
 Q08704 Chalcone--flavonone isomerase 43.29 
 P51108 Dihydroflavonol 4-reductase 40.06 
 Q9XGD6 Caffeoyl-CoA O-methyltransferase 1 31.01 
 P46265 Tubulin beta-5 chain 30.43 
 Q41784 Tubulin beta-7 chain 29.66 
 Q41803 Elongation factor 1-alpha 29.31 
 Q43594 Tubulin beta-1 chain 29.08 
 A2YMC5 Probable histone H2A.1 28.89 
 Q9FZ48 Ubiquitin-conjugating enzyme E2 36 27.45 
 Q9AT34 40S ribosomal protein S15a 23.85 
 O49169 Elongation factor 1-alpha 23.83 
 P04782 Chlorophyll a-b binding protein 25, chloroplastic 22.93 
 Q8VXG7 Phenylalanine/tyrosine ammonia-lyase 22.90 
 Q2R8Z5 Alcohol dehydrogenase 1 22.43 
 Q6XZ78 Fructokinase-2 22.09 
 O65731 40S ribosomal protein S5 (Fragment) 20.30 
 O48549 40S ribosomal protein S6-1 20.00 
 P51824 ADP-ribosylation factor 1 19.80 
 P48495 Triosephosphate isomerase, cytosolic 19.69 
 Q2QLY5 5-methyltetrahydropteroyltriglutamate--homocysteine 
methyltransferase 1 
18.54 
 Q9FIE8 UDP-glucuronic acid decarboxylase 3 17.84 
 Q9ZV36 UDP-glucuronic acid decarboxylase 6 17.78 
 P29500 Tubulin beta-1 chain 17.33 
 Q08479 Adenylate kinase 3 17.01 
 P50300 S-adenosylmethionine synthase 16.54 
 C0HK70 Superoxide dismutase [Cu-Zn]  16.45 
 P27523 Chlorophyll a-b binding protein of LHCII type III, chloroplastic 16.04 
 P11428 Superoxide dismutase [Cu-Zn] 2 15.89 
 Q40682 Elongation factor 1-delta 2 15.49 
 Q42962 Phosphoglycerate kinase, cytosolic 15.21 
 A7PRJ6 S-adenosylmethionine synthase 4 15.01 
 A4ULF8 S-adenosylmethionine synthase 14.90 
 A2YXU2 Proteasome subunit alpha type-7-A 14.46 
 Q8S8S9 Methylesterase 1 14.07 
 A7QJG1 S-adenosylmethionine synthase 3 13.37 
 Q9LSU1 Proteasome subunit alpha type-5 13.08 
 P40934 Cytochrome b5 11.94 
 Q9FDW8 Cytochrome b5 isoform A 11.85 
 Q9MAK9 26S protease regulatory subunit S10B homolog B 11.78 
 P42856 14 kDa zinc-binding protein 11.72 
 P49100 Cytochrome b5 11.68 
 Q332R9 30S ribosomal protein S7, chloroplastic 11.61 
 P28399 Ribulose bisphosphate carboxylase large chain 11.32 
 P49216 40S ribosomal protein S26 11.28 
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 Q05761 40S ribosomal protein S13 11.26 
 P16165 Anthocyanidin 3-O-glucosyltransferase 11.25 
 Q39857 Xyloglucan endotransglucosylase/hydrolase 1 11.15 
 Q9LJW6 60S ribosomal protein L34-3 10.83 
 Q41542 Probable xyloglucan endotransglucosylase/hydrolase 10.58 
 Q40787 Ras-related protein Rab7 9.71 
 P51418 60S ribosomal protein L18a-2 9.55 
 Q9LK36 Adenosylhomocysteinase 2 9.28 
 P06671 Chlorophyll a-b binding protein, chloroplastic 9.06 
 O23708 Proteasome subunit alpha type-2-A 8.94 
 P55142 Glutaredoxin-C6 8.93 
 O04066 Acyl-CoA-binding protein 8.89 
 P36181 Heat shock cognate protein 80 8.87 
 Q9SYM5 UDP-4-keto-6-deoxy-D-glucose 3,5-epimerase 8.82 
 Q9FHW7 SKP1-like protein 1B 8.77 
 P38562 Glutamine synthetase root isozyme 4 8.73 
 Q5E924 Glyceraldehyde-3-phosphate dehydrogenase GAPCP2, 
chloroplastic 
8.57 
 P48497 Triosephosphate isomerase, cytosolic 8.56 
 Q2QS13 UDP-glucose 6-dehydrogenase 5 8.33 
 Q9M612 Nascent polypeptide-associated complex subunit alpha-like 
protein 
8.29 
 Q9ZT66 Endo-1,3;1,4-beta-D-glucanase 8.25 
 Q06509 Caffeic acid 3-O-methyltransferase 8.24 
 Q40648 Probable voltage-gated potassium channel subunit beta 8.23 
 O81918 Elongation factor 1-delta 8.23 
 P12359 Oxygen-evolving enhancer protein 1, chloroplastic 8.13 
 Q9LSU3 Proteasome subunit alpha type-6 8.13 
 P05494 ATP synthase subunit alpha, mitochondrial 8.07 
 Q04127 Oxygen-evolving enhancer protein 2-3, chloroplastic 7.89 
 Q42553 Isopentenyl-diphosphate Delta-isomerase II, chloroplastic 7.75 
 O23290 60S ribosomal protein L36a 7.62 
 P85200 26S protease regulatory subunit 6B homolog 7.49 
 P93779 60S ribosomal protein L5 (Fragment) 7.44 
 Q0DAE4 Glutaredoxin-C8 7.35 
 Q67ZE1 3beta-hydroxysteroid-dehydrogenase/decarboxylase isoform 2 7.09 
 Q9SSE7 Arogenate dehydratase/prephenate dehydratase 2, chloroplastic 7.09 
 Q6K9C3 Serine/arginine-rich splicing factor RSZ23 7.00 
 P0C5D4 Putative peroxiredoxin Q, chloroplastic 6.91 
 A2WXX3 60S ribosomal protein L5-1 6.91 
 O03986 Heat shock protein 90-4 6.87 
 O04997 Superoxide dismutase [Cu-Zn], chloroplastic 6.82 
 Q9FFE0 Putative 4-hydroxy-4-methyl-2-oxoglutarate aldolase 2 6.63 
 Q93VT8 ATP-citrate synthase beta chain protein 1 6.58 
 O82637 Probable protein phosphatase 2C 61 6.44 
 Q9XE33 Nuclear transcription factor Y subunit C-6 6.34 
 P31166 Adenine phosphoribosyltransferase 1, chloroplastic 6.17 
 P32112 Adenosylhomocysteinase 5.98 
 P20907 Cysteine proteinase inhibitor 2 5.96 
 Q40345 Isocitrate dehydrogenase [NADP], chloroplastic (Fragment) 5.77 
 Q8GXW5 Glutamine synthetase cytosolic isozyme 1-5 5.67 
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 P27397 18.0 kDa class I heat shock protein 5.66 
 Q0J6T3 Probable cinnamyl alcohol dehydrogenase 5 5.65 
 P35683 Eukaryotic initiation factor 4A-1  5.56 
 P49692 60S ribosomal protein L7a-1  5.45 
 P50218 Isocitrate dehydrogenase [NADP]  5.30 
 O23654 V-type proton ATPase catalytic subunit A  5.30 
 P30792 2,3-bisphosphoglycerate-independent phosphoglycerate mutase  5.19 
 Q40977 Monodehydroascorbate reductase  5.08 
 Q9SF91 Ras-related protein RABE1e  5.05 
 O23715 Proteasome subunit alpha type-3  4.82 
 Q9LK50 ABC transporter G family member 26  4.67 
 Q9LNK1 Ras-related protein RABA3  4.64 
 P13653 Protochlorophyllide reductase A, chloroplastic  4.64 
 P24825 Chalcone synthase C2 4.50 
 Q6NQL4 2-dehydro-3-deoxyphosphooctonate aldolase 2  4.47 
 Q75W16 Phospho-2-dehydro-3-deoxyheptonate aldolase 2, chloroplastic  4.27 
 P29766 60S ribosomal protein L8 4.23 
 Q7XMI0 UMP-CMP kinase 2 4.12 
 P42057 Outer plastidial membrane protein porin 3.97 
 Q6L5I5 Mitochondrial outer membrane protein porin 2 3.93 
 Q8GT95 Polygalacturonase inhibitor 1 3.92 
 P0DKK7 60S ribosomal protein L7a-2  3.88 
 Q9SIL6 Prohibitin-6, mitochondrial 3.85 
 Q942L2 Protein disulfide isomerase-like 2-2 3.77 
 A2XHJ5 Cysteine protease ATG4A 3.59 
 Q8LG70 Probable 6-phosphogluconolactonase 2  3.47 
 P93798 Alpha-soluble NSF attachment protein 3.46 
 Q9XF97 60S ribosomal protein L4  3.43 
 P28011 Aspartate aminotransferase 1 3.35 
 P46466 26S protease regulatory subunit 4 homolog 3.35 
 Q7XPL2 Oxygen-dependent coproporphyrinogen-III oxidase, chloroplastic 3.26 
 P42211 Aspartic proteinase  3.23 
 O65396 Aminomethyltransferase, mitochondrial  3.19 
 Q9C9C5 60S ribosomal protein L6-3 3.00 
 Q8W3D9 Protochlorophyllide reductase B, chloroplastic 2.99 
 Q5KQI4 B3 domain-containing protein Os05g0481400 2.87 
 Q96327 ERBB-3 BINDING PROTEIN 1 2.81 
 Q337Y2 Probable cinnamyl alcohol dehydrogenase 3 2.73 
 Q9LI00 6-phosphogluconate dehydrogenase, decarboxylating 1 2.71 
 P93844 Phospholipase D alpha 2 2.69 
 Q9FJZ9 Peroxidase 72 2.68 
 Q6YW46 Elongation factor 1-gamma 2 2.63 
 Q9AWM8 Kinesin-like protein KIN-7A 2.62 
 Q9SD85 Flavonoid 3'-monooxygenase 2.53 
 P24824 Chalcone synthase WHP1 2.50 
 P30298 Sucrose synthase 2 2.48 
 Q9FMU6 Mitochondrial phosphate carrier protein 3, mitochondrial 2.40 
 P08823 RuBisCO large subunit-binding protein subunit alpha, chloroplastic 
(Fragment) 
2.39 
 Q5GAB0 Maturase K 2.36 
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 Q9FH36 Probable galacturonosyltransferase 12 2.24 
 P84516 Cationic peroxidase SPC4 2.21 
 O82663 Succinate dehydrogenase [ubiquinone] flavoprotein subunit 1, 
mitochondrial 
2.21 
 Q9LNJ0 Probable cyclic nucleotide-gated ion channel 10 2.11 
 Q93Z38 Tryptophan aminotransferase-related protein 4 1.94 
 P49175 Beta-fructofuranosidase 1 1.94 
 F4I902 Disease resistance protein CHS1 1.90 
 Q9SE94 Methylenetetrahydrofolate reductase 1  1.85 
 Q75I93 Beta-glucosidase 7  1.79 
 B9IJ21 Adenylosuccinate synthetase, chloroplastic  1.63 
 Q657B3 Zinc finger CCCH domain-containing protein 7  1.58 
 Q10NX8 Beta-galactosidase 6  1.52 
 P29195 Phosphoenolpyruvate carboxylase 1  1.46 
 Q7YMV1 Maturase K  1.18 
 Q2XSC6 (R)-limonene synthase 1.16 
 Q8LPJ3 Probable alpha-mannosidase At5g13980  1.07 
 F4JGR5 Pyrophosphate--fructose 6-phosphate 1-phosphotransferase subunit beta 2  1.05 
 O22193 U-box domain-containing protein 4  0.97 
 Q9LJX4 Pumilio homolog 5  0.94 
 Q9M3D8 L-type lectin-domain containing receptor kinase I.3 0.90 
 Q6Q1P4 Structural maintenance of chromosomes protein 1  0.74 
Shared    
 P84209 Malate dehydrogenase, mitochondrial (Fragments) 100.00 
 P80627 Unknown protein from etiolated coleoptile (Fragment) 83.33 
 Q09054 Glyceraldehyde-3-phosphate dehydrogenase 2, cytosolic 60.53 
 P08440 Fructose-bisphosphate aldolase, cytoplasmic isozyme 58.03 
 P08735 Glyceraldehyde-3-phosphate dehydrogenase 1, cytosolic 55.49 
 P05348 Ribulose bisphosphate carboxylase small chain, chloroplastic 52.35 
 P62786 Histone H4 variant TH091 51.46 
 P12863 Triosephosphate isomerase, cytosolic  51.38 
 O24415 60S acidic ribosomal protein P2B  50.44 
 Q96482 Actin-41 (Fragment) 49.70 
 P19656 Non-specific lipid-transfer protein 49.17 
 P53504 Actin-1 49.07 
 P26301 Enolase 1 48.43 
 P04907 Glutathione S-transferase 3 48.20 
 A8SEF5 Photosystem I iron-sulfur center 48.15 
 Q96564 40S ribosomal protein S27  44.19 
 P21569 Peptidyl-prolyl cis-trans isomerase 42.44 
 Q41764 Actin-depolymerizing factor 3 41.01 
 Q08062 Malate dehydrogenase, cytoplasmic 40.66 
 P19023 ATP synthase subunit beta, mitochondrial 40.51 
 P12329 Chlorophyll a-b binding protein 1, chloroplastic 38.55 
 Q41048 Oxygen-evolving enhancer protein 3-1, chloroplastic 38.25 
 Q84RL7 Aquaporin PIP2-1 37.24 
 Q8H6A5 Translationally-controlled tumor protein homolog  36.53 
 A2Y7R5 GTP-binding nuclear protein Ran-2 36.20 
 P80639 Eukaryotic translation initiation factor 5A  35.63 
 P00333 Alcohol dehydrogenase 1 35.62 
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 P27164 Calmodulin-related protein 35.33 
 P80607 Alpha-1,4-glucan-protein synthase [UDP-forming] 34.62 
 P20904 Actin 34.22 
 P18123 Catalase isozyme 3 34.07 
 P59232 Ubiquitin-40S ribosomal protein S27a-2 33.76 
 P31726 Cystatin-1 32.59 
 O22347 Tubulin alpha-1 chain 32.15 
 P42895 Enolase 2 32.06 
 Q43247 Glyceraldehyde-3-phosphate dehydrogenase 3, cytosolic 32.05 
 P49106 14-3-3-like protein GF14-6 31.80 
 Q01526 14-3-3-like protein GF14-12 31.80 
 O22655 Profilin-4  31.30 
 Q9XHS0 40S ribosomal protein S12 30.77 
 Q9SP22 Calreticulin  30.48 
 Q7Y1L9 Protein SPIRAL1-like 1  30.17 
 P34767 Ribulose bisphosphate carboxylase large chain (Fragment) 29.95 
 O22424 40S ribosomal protein S4  29.81 
 Q94JE1 Histone H2B.5  29.68 
 Q41806 Oxygen-evolving enhancer protein 3-2, chloroplastic 29.11 
 O24047 Malate dehydrogenase, cytoplasmic 28.92 
 P80608 Cysteine synthase  28.31 
 A2Y053 S-adenosylmethionine synthase 1 28.03 
 P93804 Phosphoglucomutase, cytoplasmic 1  27.27 
 P49690 60S ribosomal protein L23 27.14 
 P12783 Phosphoglycerate kinase, cytosolic 26.93 
 P0DKK8 40S ribosomal protein S10-1 26.78 
 Q10724 Peptidyl-prolyl cis-trans isomerase, microsomal (Fragment) 26.67 
 P31674 40S ribosomal protein S15 26.62 
 P12653 Glutathione S-transferase 1 26.17 
 P02276 Histone H2A.2.1 25.83 
 P25460 40S ribosomal protein S11 24.53 
 P40280 Histone H2A 24.53 
 P93805 Phosphoglucomutase, cytoplasmic 2 24.53 
 O65107 Photosystem I reaction center subunit N, chloroplastic (Fragment) 24.11 
 A2Y5G8 Probable histone H2A.4  23.93 
 Q41852 40S ribosomal protein S21 23.46 
 O65101 Photosystem I reaction center subunit VI, chloroplastic  23.24 
 O22349 Tubulin alpha-3 chain 23.11 
 P42798 40S ribosomal protein S15a-1 23.08 
 O50003 60S ribosomal protein L12 22.29 
 A2ZB00 40S ribosomal protein S16  22.15 
 P09189 Heat shock cognate 70 kDa protein 21.66 
 O24573 60S acidic ribosomal protein P0 21.63 
 Q8S857 Probable histone H2A variant 2 21.58 
 P49235 4-hydroxy-7-methoxy-3-oxo-3,4-dihydro-2H-1,4-benzoxazin-2-yl glucoside 
beta-D-glucosidase 1, chloroplastic 
21.38 
 Q94F49 Probable histone H2A.5 21.33 
 P40978 40S ribosomal protein S19 20.55 
 Q2QLY4 5-methyltetrahydropteroyltriglutamate--homocysteine methyltransferase 2 20.50 
 Q6ZKC0 14-3-3-like protein GF14-C 20.31 
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 P51427 40S ribosomal protein S5-2 20.29 
 Q9AT35 60S ribosomal protein L23a 20.13 
 P52588 Protein disulfide-isomerase 20.08 
 P45633 60S ribosomal protein L10 20.00 
 Q9LHA8 Probable mediator of RNA polymerase II transcription subunit 37c  19.85 
 Q5I7K3 40S ribosomal protein S29  19.64 
 P35131 Ubiquitin-conjugating enzyme E2 8  19.59 
 P04709 ADP,ATP carrier protein 1, mitochondrial 19.12 
 Q9FT36 Tubulin alpha chain 19.07 
 Q08069 40S ribosomal protein S8  19.00 
 Q9SR73 40S ribosomal protein S28-1  18.75 
 O48556 Soluble inorganic pyrophosphatase  18.69 
 P41980 Superoxide dismutase [Mn] 3.4, mitochondrial 18.45 
 A1E9K3 Cytochrome f  18.44 
 P29545 Elongation factor 1-beta 18.30 
 Q336T5 Expansin-B3  18.28 
 A2XJ35 Chlorophyll a-b binding protein, chloroplastic 18.25 
 Q2R2W2 14-3-3-like protein GF14-D  18.11 
 P49174 Beta-fructofuranosidase, cell wall isozyme 17.97 
 P27347 DNA-binding protein MNB1B 17.83 
 Q9AQU5 Aquaporin PIP1-3/PIP1-4 17.81 
 Q94LR4 Expansin-B4  17.48 
 Q9ATM7 Aquaporin PIP2-3  17.30 
 P43209 60S ribosomal protein L37a 17.20 
 P09315 Glyceraldehyde-3-phosphate dehydrogenase A, chloroplastic 17.12 
 A6N0M9 Nucleoside diphosphate kinase 1  16.78 
 P23346 Superoxide dismutase [Cu-Zn] 4AP  16.45 
 Q9XET4 40S ribosomal protein S7  16.15 
 A5BUU4 40S ribosomal protein SA  16.03 
 P19951 40S ribosomal protein S14 16.00 
 Q08480 Adenylate kinase 4  15.64 
 P93554 Nucleoside diphosphate kinase 1  15.44 
 Q10S66 Chitinase 11 15.23 
 Q43772 UTP--glucose-1-phosphate uridylyltransferase 15.22 
 Q84Q72 18.1 kDa class I heat shock protein 14.91 
 Q94DM8 Ubiquitin-fold modifier 1 14.71 
 B4G072 DIMBOA UDP-glucosyltransferase BX9 14.50 
 Q7SIC9 Transketolase, chloroplastic 14.22 
 Q84VG0 Probable calcium-binding protein CML7  14.19 
 P11490 Plastocyanin minor isoform, chloroplastic 14.04 
 A2Z7B3 GDP-mannose 3,5-epimerase 1 14.02 
 P13689 Auxin-binding protein 1 13.93 
 P36213 Photosystem I reaction center subunit II, chloroplastic  13.66 
 Q5Z9Z3 Thioredoxin-like protein Clot 12.95 
 Q9ZP06 Malate dehydrogenase 1, mitochondrial 12.90 
 Q6YZX6 Putative aconitate hydratase, cytoplasmic  12.47 
 P24631 17.5 kDa class II heat shock protein 12.42 
 O50008 5-methyltetrahydropteroyltriglutamate--homocysteine 
methyltransferase 1 
12.42 
 Q05431 L-ascorbate peroxidase 1, cytosolic 12.40 
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 P18122 Catalase isozyme 1 12.20 
 P49087 V-type proton ATPase catalytic subunit A (Fragment) 12.12 
 P93629 Alcohol dehydrogenase class-3 12.07 
 Q9FXT4 Alpha-galactosidase 11.99 
 Q9SVD7 Ubiquitin-conjugating enzyme E2 variant 1D 11.64 
 Q7F731 Germin-like protein 1-1 11.57 
 Q9XEK8 60S ribosomal protein L23 11.51 
 Q41898 ATP synthase subunit epsilon, mitochondrial 11.43 
 P26519 Glyceraldehyde-3-phosphate dehydrogenase, cytosolic  11.31 
 Q0IQK9 Non-specific lipid-transfer protein 1 11.21 
 O49079 Oxygen-evolving enhancer protein 1, chloroplastic 10.94 
 O81372 Nucleoside diphosphate kinase 1 10.81 
 P46302 40S ribosomal protein S28 10.77 
 O49203 Nucleoside diphosphate kinase III, chloroplastic/mitochondrial 10.50 
 Q9M9B4 NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 
10-A 
10.28 
 P24067 Luminal-binding protein 2 10.26 
 B7F845 60S ribosomal protein L10a 10.19 
 Q0J4P2 Heat shock protein 81-1 10.16 
 P35686 40S ribosomal protein S20 10.16 
 Q65XK0 Ketol-acid reductoisomerase, chloroplastic  10.03 
 Q42961 Phosphoglycerate kinase, chloroplastic  9.98 
 O48557 60S ribosomal protein L17  9.94 
 Q9FLP6 Small ubiquitin-related modifier 2 9.71 
 Q9LEV3 CBS domain-containing protein CBSX3, mitochondrial 9.71 
 O23138 Cytochrome c-1 9.65 
 P49608 Aconitate hydratase, cytoplasmic 9.02 
 P48502 Cytochrome b-c1 complex subunit 7  8.94 
 P46252 60S acidic ribosomal protein P2A  8.93 
 Q9FE01 L-ascorbate peroxidase 2, cytosolic 8.76 
 Q9LXG1 40S ribosomal protein S9-1 8.59 
 Q9SIP7 40S ribosomal protein S3-1  8.40 
 Q95AD7 ATP synthase subunit beta, chloroplastic 8.23 
 Q9LZI2 UDP-glucuronic acid decarboxylase 2  8.09 
 P46297 40S ribosomal protein S23 7.75 
 A2YDY2 60S ribosomal protein L11 7.69 
 P42794 60S ribosomal protein L11-2  7.69 
 Q945M1 NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 9  7.69 
 P0CAN7 V-type proton ATPase subunit E3 7.59 
 A2XFC7 L-ascorbate peroxidase 1, cytosolic 7.20 
 P05167 Thiol protease aleurain  7.18 
 P49215 40S ribosomal protein S17  6.94 
 Q9FJX2 60S ribosomal protein L26-2 6.85 
 Q0JNR2 Cysteine proteinase inhibitor 12 6.80 
 P46465 26S protease regulatory subunit 6A homolog 6.76 
 O23968 Probable phospholipid hydroperoxide glutathione peroxidase 6.67 
 Q9XJ54 Nuclear transport factor 2  6.56 
 Q6ZJJ1 Probable L-ascorbate peroxidase 4  6.53 
 O64964 Aquaporin TIP1-1 6.40 
 Q6ICZ8 Nascent polypeptide-associated complex subunit alpha-like 
protein 3 
6.37 
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 Q5VND6 Nucleosome assembly protein 1;1 6.35 
 Q6UNT2 60S ribosomal protein L5 6.29 
 Q43472 Glycine-rich RNA-binding protein blt801 6.21 
 Q10T32 Expansin-B8 6.16 
 P25776 Oryzain alpha chain 6.11 
 Q9MBF6 Histone H3-like 1 6.04 
 P42791 60S ribosomal protein L18-2 5.88 
 P49202 40S ribosomal protein S18 5.88 
 Q9FF90 60S ribosomal protein L13-3 5.83 
 Q9SZJ5 Serine hydroxymethyltransferase 1, mitochondrial 5.80 
 Q9SDM1 Chlorophyll a-b binding protein 1B-21, chloroplastic 5.71 
 O48965 Isopentenyl-diphosphate Delta-isomerase II 5.50 
 Q9ZTP5 Ribulose-phosphate 3-epimerase, chloroplastic  5.47 
 P33444 40S ribosomal protein S3a 5.36 
 O82709 Calnexin homolog  5.26 
 Q9ZR03 Cytochrome b6-f complex iron-sulfur subunit, chloroplastic  5.24 
 Q9M1D3 Citrate synthase 5, mitochondrial 5.17 
 Q5Z402 Clathrin light chain 2  5.15 
 P49027 Guanine nucleotide-binding protein subunit beta-like protein A 5.09 
 P43188 Adenylate kinase, chloroplastic 4.95 
 Q9SCN8 Cell division control protein 48 homolog D  4.91 
 Q69TY4 Peroxiredoxin-2E-1, chloroplastic 4.74 
 Q9S7L9 Cytochrome c oxidase subunit 6b-1 4.71 
 Q42908 2,3-bisphosphoglycerate-independent phosphoglycerate 
mutase 
4.65 
 A1E9T1 ATP synthase subunit beta, chloroplastic 4.62 
 Q7XWU8 Expansin-A1 4.60 
 P93788 Remorin 4.55 
 P49298 Citrate synthase, mitochondrial 4.46 
 Q6ERW5 Probable cinnamyl alcohol dehydrogenase 8D 4.42 
 P42054 Outer plastidial membrane protein porin 4.35 
 P08474 Ribulose bisphosphate carboxylase small chain, chloroplastic 4.23 
 P49036 Sucrose synthase 2 4.17 
 P83970 Plasma membrane ATPase 4.10 
 Q69LA6 Probable pyridoxal 5'-phosphate synthase subunit PDX1.1 4.09 
 O65282 20 kDa chaperonin, chloroplastic 3.95 
 A2XRZ6 Probable aldo-keto reductase 3 3.94 
 Q948T6 Lactoylglutathione lyase 3.78 
 Q9FRL8 Glutathione S-transferase DHAR2 3.76 
 P15719 Malate dehydrogenase [NADP], chloroplastic 3.70 
 O64566 Plant intracellular Ras-group-related LRR protein 6 3.68 
 Q84P97 Mitochondrial outer membrane protein porin 5 3.61 
 Q8W1L6 Peroxisomal fatty acid beta-oxidation multifunctional protein 3.58 
 Q38866 Expansin-A2  3.53 
 Q9LTX9 Heat shock 70 kDa protein 7, chloroplastic 3.48 
 F8RP11 Hsp70-Hsp90 organizing protein 3.44 
 Q6ERW7 Probable cinnamyl alcohol dehydrogenase 8C 3.42 
 P20115 Citrate synthase 4, mitochondrial 3.16 
 P49397 40S ribosomal protein S3a 3.05 
 P41127 60S ribosomal protein L13-1 2.91 
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 Q38681 V-type proton ATPase subunit B 1 2.85 
 Q6Z9C3 Probable 6-phosphogluconolactonase 3, chloroplastic 2.75 
 B8BBN7 Obg-like ATPase 1 2.54 
 A5H8G4 Peroxidase 1 2.45 
 Q69ST6 Protein disulfide isomerase-like 1-3 2.39 
 Q84QY3 Patatin-like protein 1 2.31 
 B8BBZ7 Probable gamma-aminobutyrate transaminase 3, mitochondrial 2.16 
 P21240 Chaperonin 60 subunit beta 1, chloroplastic 2.00 
 P0DH85 B3 domain-containing protein REM10 1.98 
 P55939 Phospholipase D alpha 2 1.97 
 O23254 Serine hydroxymethyltransferase 4 1.49 
 O23755 Elongation factor 2 1.42 
 Q9ZU46 Receptor protein kinase-like protein ZAR1 1.12 
 A0A0P0VUY4 DNA (cytosine-5)-methyltransferase CMT1 1.04 
 Q6Z517 Protein SMAX1-like 0.96 
 Q9SHI3 Receptor-like protein 2 0.96 
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 P43643 Elongation factor 1-alpha  33.33 
 Q41784 Tubulin beta-7 chain 29.44 
 Q10L32 Peptide methionine sulfoxide reductase B5 27.94 
 Q10724 Peptidyl-prolyl cis-trans isomerase, microsomal (Fragment) 26.67 
 P27164 Calmodulin-related protein 26.63 
 Q9ZPN8 Tubulin beta-3 chain 26.23 
 P28399 Ribulose bisphosphate carboxylase large chain 24.53 
 A2Y5G8 Probable histone H2A.4  23.93 
 Q05832 18.3 kDa class I heat shock protein 22.36 
 Q8S857 Probable histone H2A variant 2  21.58 
 Q43594 Tubulin beta-1 chain 19.69 
 Q9ATM6 Aquaporin PIP2-4 19.10 
 Q5N725 Fructose-bisphosphate aldolase 3, cytoplasmic  18.44 
 Q336T5 Expansin-B3  18.28 
 Q9LHA8 Probable mediator of RNA polymerase II transcription subunit 37c 17.85 
 Q9AQU5 Aquaporin PIP1-3/PIP1-4 17.81 
 Q9FT36 Tubulin alpha chain 17.29 
 P50303 S-adenosylmethionine synthase 3 (Fragment) 16.67 
 Q2R8Z5 Alcohol dehydrogenase 1 16.62 
 P80638 Unknown protein from etiolated coleoptile (Fragments) 16.33 
 Q9SAJ4 Phosphoglycerate kinase 3, cytosolic 16.21 
 P19951 40S ribosomal protein S14  16.00 
 O48549 40S ribosomal protein S6-1 16.00 
 Q43766 Non-specific lipid-transfer protein 3 14.41 
 Q943F3 60S ribosomal protein L18a 13.48 
 A5BUU4 40S ribosomal protein SA  13.46 
 Q9XGD6 Caffeoyl-CoA O-methyltransferase 1 12.40 
 P24629 Heat shock cognate 70 kDa protein 1 12.15 
 A9NUH8 S-adenosylmethionine synthase 1 11.70 
 P42798 40S ribosomal protein S15a-1 11.54 
 Q41898 ATP synthase subunit epsilon, mitochondrial 11.43 
 O04848 Probable histone H2AXa 11.27 
 P26216 Exopolygalacturonase 11.22 
 Q0IQK9 Non-specific lipid-transfer protein 1 11.21 
 Q9LJW6 60S ribosomal protein L34-3  10.83 
 Q42662 5-methyltetrahydropteroyltriglutamate--homocysteine methyltransferase 10.73 
 P12372 Photosystem I reaction center subunit II, chloroplastic 10.58 
 P23321 Oxygen-evolving enhancer protein 1-1, chloroplastic 10.54 
 A1XBB7 Protein IN2-1 homolog B 10.25 
 Q70Z19 Nucleosome assembly protein 1;1 10.16 
 P26300 Enolase 10.14 
 Q94A97 Ubiquitin-conjugating enzyme E2 35 9.80 
 P49211 60S ribosomal protein L32-1 9.77 
 Q9FLP6 Small ubiquitin-related modifier 2  9.71 
 Q40787 Ras-related protein Rab7 9.71 
 Q8L7H8 Mitochondrial pyruvate carrier 2 9.17 
 P38661 Probable protein disulfide-isomerase A6 8.24 
 Q65XK0 Ketol-acid reductoisomerase, chloroplastic 7.96 
 Q07078 Heat shock protein 81-3 7.73 
  
134 
 
Supplementary Information, Table 3 cont. 
 
Treatment Accession Protein description Protein 
coverage 
T13    
 O23814 Probable phospholipid hydroperoxide glutathione peroxidase 7.60 
 Q9SIB9 Aconitate hydratase 2, mitochondrial 7.58 
 P93779 60S ribosomal protein L5 (Fragment) 7.44 
 P25765 Chitinase 12 7.36 
 A2XFC7 L-ascorbate peroxidase 1, cytosolic 7.20 
 P05494 ATP synthase subunit alpha, mitochondrial 7.09 
 Q6K9C3 Serine/arginine-rich splicing factor RSZ23 7.00 
 Q5S1S6 Peroxiredoxin Q, chloroplastic 6.91 
 O23968 Probable phospholipid hydroperoxide glutathione peroxidase 6.67 
 A1E9K3 Cytochrome f  6.56 
 Q9SCN8 Cell division control protein 48 homolog D 6.38 
 P36181 Heat shock cognate protein 80 6.15 
 O48676 UDP-glycosyltransferase 74B1 6.09 
 Q9MBF6 Histone H3-like 1 6.04 
 Q95AD7 ATP synthase subunit beta, chloroplastic 6.02 
 Q43497 Monodehydroascorbate reductase 6.00 
 Q40677 Fructose-bisphosphate aldolase, chloroplastic 5.93 
 Q6Z1J6 Obg-like ATPase 1 5.84 
 Q43735 Peroxidase 27  5.61 
 P25840 Heat shock 70 kDa protein 5.54 
 Q0PW40 Cysteine-rich receptor-like protein kinase 13 5.50 
 Q9ZTP5 Ribulose-phosphate 3-epimerase, chloroplastic 5.47 
 Q6I544 Germin-like protein 5-1  5.43 
 O82709 Calnexin homolog 5.26 
 Q9SIM4 60S ribosomal protein L14-1 5.22 
 O22797 Glycolipid transfer protein 1 4.95 
 Q06509 Caffeic acid 3-O-methyltransferase 4.67 
 P68209 Succinate--CoA ligase [ADP-forming] subunit alpha-1, mitochondrial 4.61 
 Q0JJ01 BTB/POZ domain and ankyrin repeat-containing protein NPR2 4.09 
 P29036 Ferritin-1, chloroplastic 3.94 
 Q6L5I5 Mitochondrial outer membrane protein porin 2 3.93 
 B0F9L7 Golgin candidate 2 3.89 
 P15719 Malate dehydrogenase [NADP], chloroplastic 3.70 
 Q8W1L6 Peroxisomal fatty acid beta-oxidation multifunctional protein 3.58 
 O23255 Adenosylhomocysteinase 1 3.51 
 Q8S9K3 Zinc finger protein VAR3, chloroplastic 3.43 
 P30792 2,3-bisphosphoglycerate-independent phosphoglycerate mutase 3.40 
 Q03363 DnaJ protein homolog 1 (Fragment) 3.27 
 Q7XPL2 Oxygen-dependent coproporphyrinogen-III oxidase, chloroplastic 3.26 
 P50217 Isocitrate dehydrogenase [NADP] 3.13 
 P29114 Linoleate 9S-lipoxygenase 1 2.90 
 P42824 DnaJ protein homolog 2 2.87 
 Q42521 Glutamate decarboxylase 1 2.79 
 Q9ZRF1 Probable mannitol dehydrogenase 2.79 
 A7QEU4 Peroxidase 5 2.74 
 Q337Y2 Probable cinnamyl alcohol dehydrogenase 3 2.73 
 P49235 4-hydroxy-7-methoxy-3-oxo-3,4-dihydro-2H-1,4-benzoxazin-2-yl glucoside beta-D-
glucosidase 1, chloroplastic 
2.65 
 Q10MQ2 Probable LL-diaminopimelate aminotransferase, chloroplastic 2.59 
 B7F958 UDP-glucose 6-dehydrogenase 2 2.49 
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 B9FFD2 Putative 12-oxophytodienoate reductase 12 2.46 
 Q7G794 Putative linoleate 9S-lipoxygenase 3  2.42 
 Q94A28 Aconitate hydratase 3, mitochondrial 2.41 
 Q5GAB0 Maturase K 2.36 
 Q84QY3 Patatin-like protein 1 2.31 
 Q9SV96 Pentatricopeptide repeat-containing protein At4g39620, chloroplastic 2.31 
 P84516 Cationic peroxidase SPC4 2.21 
 Q43831 RuBisCO large subunit-binding protein subunit beta, chloroplastic 
(Fragment) 
2.20 
 Q949G3 Pleiotropic drug resistance protein 1 2.09 
 Q0WNR6 AT-rich interactive domain-containing protein 5  2.07 
 Q08276 Heat shock 70 kDa protein, mitochondrial 2.05 
 O24653 Guanosine nucleotide diphosphate dissociation inhibitor 2 2.03 
 A2YQ76 Pyruvate decarboxylase 3 1.87 
 Q9LK23 Glucose-6-phosphate 1-dehydrogenase, cytoplasmic isoform 1 1.74 
 Q9SQI2 Protein GIGANTEA 1.71 
 Q9SIC9 Pentatricopeptide repeat-containing protein At2g31400, chloroplastic 1.53 
 O22757 MLO-like protein 8 1.52 
 P54238 Glucose-6-phosphate isomerase, cytosolic 1 1.40 
 Q9C614 Probable L-gulonolactone oxidase 1 1.18 
 Q7Y0E8 Probable nucleoredoxin 1-1 1.05 
 Q9SMV7 DNA mismatch repair protein MSH7 0.99 
 Q9SHI3 Receptor-like protein 2 0.96 
 P12221 Putative protein TIC 214 N-terminal part 0.75 
T14    
 P85333 Peroxidase 2 (Fragment) 100.00 
 P84545 Dihydrolipoyl dehydrogenase (Fragment) 72.73 
 A2WNH1 Calmodulin-3 68.46 
 P04464 Calmodulin 68.46 
 P12331 Chlorophyll a-b binding protein 2, chloroplastic 59.77 
 P19950 40S ribosomal protein S14 55.70 
 Q08275 17.0 kDa class II heat shock protein 54.55 
 P93375 Actin-104 (Fragment) 52.98 
 Q96482 Actin-41 (Fragment) 51.79 
 Q75L11 Probable histone H2A.6 43.59 
 Q8H7Y8 Probable histone H2A variant 1 42.75 
 Q43247 Glyceraldehyde-3-phosphate dehydrogenase 3, cytosolic 42.43 
 P68429 Histone H3.2 40.44 
 Q5MYA4 Histone H3.2 40.44 
 P23345 Superoxide dismutase [Cu-Zn] 4A 40.13 
 Q9FKQ3 Histone H3-like 5 39.57 
 P0C1Y5 Expansin-B11 37.17 
 P38562 Glutamine synthetase root isozyme 4  35.77 
 P58738 Expansin-B1 35.32 
 P29022 Endochitinase A 34.29 
 Q71V89 Histone H3.3 33.82 
 A2XJ35 Chlorophyll a-b binding protein, chloroplastic 32.32 
 Q2V4G9 Defensin-like protein 90 32.05 
 P02581 Actin-1 31.56 
 Q03033 Elongation factor 1-alpha 30.87 
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 Q9SUI6 Photosystem I reaction center subunit VI-2, chloroplastic 30.34 
 P11143 Heat shock 70 kDa protein 30.23 
 P48495 Triosephosphate isomerase, cytosolic 29.92 
 Q949H0 40S ribosomal protein S7 29.84 
 P04783 Chlorophyll a-b binding protein 91R, chloroplastic 29.21 
 Q6ZL42 Probable histone H2A.2 28.89 
 O23979 Soluble inorganic pyrophosphatase 28.84 
 P35338 Exopolygalacturonase 28.05 
 P25469 Histone H2A.1 26.03 
 Q7XDC8 Malate dehydrogenase, cytoplasmic 25.30 
 P55857 Small ubiquitin-related modifier 1 25.00 
 Q943E7 16.9 kDa class I heat shock protein 3 24.83 
 A4KA57 Profilin-8 24.43 
 A4KA56 Profilin-7 24.43 
 P35081 Profilin-1 24.43 
 P35339 Exopolygalacturonase 24.39 
 Q84Q77 17.9 kDa class I heat shock protein 23.60 
 P00874 Ribulose bisphosphate carboxylase large chain 23.11 
 Q96292 Actin-2 23.08 
 P04782 Chlorophyll a-b binding protein 25, chloroplastic 22.93 
 Q6XZ79 Fructokinase-1 22.91 
 Q9XF59 Aquaporin PIP1-2 22.84 
 B7F845 60S ribosomal protein L10a 22.69 
 P51108 Dihydroflavonol 4-reductase 22.13 
 O24413 60S acidic ribosomal protein P3 21.67 
 Q9MTL8 ATP synthase subunit b, chloroplastic 21.20 
 Q10A30 Fructose-bisphosphate aldolase 2, cytoplasmic 20.95 
 O22518 40S ribosomal protein SA 20.65 
 O48558 60S ribosomal protein L30 19.64 
 P27880 18.2 kDa class I heat shock protein 19.62 
 Q9ZRA9 Tubulin beta-4 chain 19.10 
 Q9LKA3 Malate dehydrogenase 2, mitochondrial 18.48 
 P0C8Y9 Proteasome subunit alpha type-4-2 18.40 
 P26413 Heat shock 70 kDa protein 17.83 
 Q9AT34 40S ribosomal protein S15a 17.69 
 A2ZCQ7 60S ribosomal protein L10-1 17.41 
 Q8L8L9 Uncharacterized protein At4g22160 17.18 
 Q08479 Adenylate kinase 3 17.01 
 B6TB21 Anamorsin homolog 16.73 
 P34893 10 kDa chaperonin, mitochondrial 16.33 
 Q43260 Glutamate dehydrogenase 16.30 
 P10049 Chlorophyll a-b binding protein type I, chloroplastic 16.17 
 P27523 Chlorophyll a-b binding protein of LHCII type III, 
chloroplastic 
16.04 
 P11428 Superoxide dismutase [Cu-Zn] 2 15.89 
 A2Z5S8 Ubiquitin-fold modifier-conjugating enzyme 1 15.68 
 Q0J4P2 Heat shock protein 81-1 15.59 
 P04712 Sucrose synthase 1 15.59 
 O64464 Proteasome subunit beta type-1 15.38 
 Q2QD64 ATP-dependent Clp protease proteolytic subunit 15.38 
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 Q06652 Probable phospholipid hydroperoxide glutathione peroxidase 14.97 
 Q9FFE0 Putative 4-hydroxy-4-methyl-2-oxoglutarate aldolase 2 14.46 
 Q9ZS91 Peptide methionine sulfoxide reductase B5 14.39 
 Q42553 Isopentenyl-diphosphate Delta-isomerase II, chloroplastic 14.08 
 P11490 Plastocyanin minor isoform, chloroplastic 14.04 
 P35007 Adenosylhomocysteinase 13.40 
 P12359 Oxygen-evolving enhancer protein 1, chloroplastic 13.25 
 Q9ZWT2 Cytochrome B5 isoform D 12.86 
 A2YXU2 Proteasome subunit alpha type-7-A 12.85 
 Q42962 Phosphoglycerate kinase, cytosolic 12.72 
 P0C520 ATP synthase subunit alpha, mitochondrial 12.57 
 O50008 5-methyltetrahydropteroyltriglutamate--homocysteine 
methyltransferase 1 
12.42 
 P46256 Fructose-bisphosphate aldolase, cytoplasmic isozyme 1 12.32 
 P08282 Glutamine synthetase nodule isozyme 12.11 
 P0C0L0 Probable L-ascorbate peroxidase 5, chloroplastic 11.88 
 Q9FDW8 Cytochrome b5 isoform A 11.85 
 P31862 Bowman-Birk type wound-induced proteinase inhibitor WIP1 11.76 
 P32112 Adenosylhomocysteinase 11.75 
 P42856 14 kDa zinc-binding protein 11.72 
 P49100 Cytochrome b5 11.68 
 P26519 Glyceraldehyde-3-phosphate dehydrogenase, cytosolic 11.31 
 A6MZM2 Protein translation factor SUI1 homolog 11.30 
 P49216 40S ribosomal protein S26 11.28 
 O65731 40S ribosomal protein S5 (Fragment) 11.17 
 Q6VAG1 Tubulin alpha-1 chain 11.09 
 Q941Y8 Probable NADPH:quinone oxidoreductase 2 10.34 
 Q9LI00 6-phosphogluconate dehydrogenase, decarboxylating 1 9.79 
 P29830 17.6 kDa class II heat shock protein 9.68 
 Q9S7H1 Photosystem I reaction center subunit II-1, chloroplastic 9.62 
 Q9M3V8 40S ribosomal protein S6 9.56 
 P51418 60S ribosomal protein L18a-2 9.55 
 Q93VT8 ATP-citrate synthase beta chain protein 1 9.38 
 Q8W0H5 Probable anion transporter 3, chloroplastic 9.06 
 Q9LST6 Proteasome subunit beta type-2 8.96 
 Q3V526 Ribulose bisphosphate carboxylase large chain 8.96 
 P48502 Cytochrome b-c1 complex subunit 7 8.94 
 P46252 60S acidic ribosomal protein P2A 8.93 
 P37833 Aspartate aminotransferase, cytoplasmic 8.85 
 Q9FHW7 SKP1-like protein 1B 8.77 
 P48497 Triosephosphate isomerase, cytosolic 8.56 
 Q9M612 Nascent polypeptide-associated complex subunit alpha-like protein 8.29 
 Q0J9V5 Thioredoxin-like protein CXXS1 8.27 
 Q945K7 Isocitrate dehydrogenase [NAD] catalytic subunit 5, mitochondrial 8.02 
 Q04127 Oxygen-evolving enhancer protein 2-3, chloroplastic 7.89 
 P49209 60S ribosomal protein L9-1 7.73 
 O04267 GTP-binding protein SAR1B 7.69 
 Q8L4N1 Universal stress protein PHOS34 7.69 
 P85200 26S protease regulatory subunit 6B homolog 7.49 
 P29696 3-isopropylmalate dehydrogenase, chloroplastic 7.28 
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 Q9MBB3 40S ribosomal protein S3a 7.28 
 P51824 ADP-ribosylation factor 1 7.11 
 P49727 Cytochrome b-c1 complex subunit Rieske, mitochondria 6.96 
 Q40345 Isocitrate dehydrogenase [NADP], chloroplastic (Fragment) 6.93 
 Q9FJX2 60S ribosomal protein L26-2 6.85 
 P46465 26S protease regulatory subunit 6A homolog 6.76 
 P49105 Glucose-6-phosphate isomerase, cytosolic 6.70 
 Q9ZT00 Ribulose bisphosphate carboxylase/oxygenase activase, chloroplastic 6.47 
 Q9ATL9 Aquaporin TIP2-1 6.43 
 Q67UF5 Protein disulfide isomerase-like 2-3 6.35 
 Q9XE33 Nuclear transcription factor Y subunit C-6 6.34 
 P52428 Proteasome subunit alpha type-1 6.30 
 Q8H6L7 Pollen allergen Phl p 11 6.29 
 Q08697 Pathogenesis-related protein 1A1 6.29 
 Q2QS13 UDP-glucose 6-dehydrogenase 5 6.25 
 A2XID3 Allene oxide cyclase, chloroplastic 6.25 
 Q6K9N6 Succinate--CoA ligase [ADP-forming] subunit beta, mitochondrial 6.16 
 O03986 Heat shock protein 90-4 5.87 
 P12257 Lichenase-2 (Fragment) 5.77 
 Q8GXW5 Glutamine synthetase cytosolic isozyme 1-5 5.67 
 Q0J6T3 Probable cinnamyl alcohol dehydrogenase 5 5.65 
 A8QW51 Probable O-methyltransferase 2 5.65 
 Q9SLX0 Importin subunit alpha-1b 5.62 
 Q43157 Ribulose-phosphate 3-epimerase, chloroplastic  5.61 
 P35683 Eukaryotic initiation factor 4A-1 5.56 
 Q39994 Calnexin homolog 5.56 
 O24412 26S proteasome non-ATPase regulatory subunit 7 homolog A 5.52 
 Q01899 Heat shock 70 kDa protein, mitochondrial 5.48 
 Q5Z627 Elongation factor 1-gamma 3 5.29 
 P26866 Ribosomal protein S4, mitochondrial 5.10 
 A2XCT8 1,2-dihydroxy-3-keto-5-methylthiopentene dioxygenase 2 5.05 
 P43188 Adenylate kinase, chloroplastic 4.95 
 P46466 26S protease regulatory subunit 4 homolog 4.91 
 Q8GXA4 WPP domain-interacting protein 1 4.91 
 Q9LTX9 Heat shock 70 kDa protein 7, chloroplastic 4.87 
 P33679 Zeamatin 4.85 
 O23715 Proteasome subunit alpha type-3  4.82 
 Q8LG77 Isocitrate dehydrogenase [NAD] catalytic subunit 6, mitochondrial 4.81 
 B8BJ39 Pyruvate kinase 1, cytosolic 4.74 
 Q9SK66 NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 9, 
mitochondrial 
4.73 
 Q9LHH7 Bifunctional protein FolD 2 4.68 
 Q7G764 Probable NAD(P)H-dependent oxidoreductase 1 4.67 
 Q6NQL4 2-dehydro-3-deoxyphosphooctonate aldolase 2 4.47 
 O49818 Lactoylglutathione lyase 4.30 
 Q9LZI2 UDP-glucuronic acid decarboxylase 2 4.27 
 Q8L8Y0 40S ribosomal protein S2-1 4.23 
 Q9M5P8 Alpha-soluble NSF attachment protein 4.17 
 B8AU84 Arginase 1, mitochondrial 4.12 
 Q75M08 Protein disulfide isomerase-like 2-1 4.10 
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 P16165 Anthocyanidin 3-O-glucosyltransferase 4.03 
 Q7XKE9 Clathrin light chain 1 3.99 
 P29185 Chaperonin CPN60-1, mitochondrial 3.99 
 Q9LHP1 60S ribosomal protein L7-4 3.69 
 Q6ZL94 Probable succinate--CoA ligase [ADP-forming] subunit alpha, 
mitochondrial 
3.63 
 Q38866 Expansin-A2 3.53 
 Q6F2Y7 Chaperone protein ClpB1 3.51 
 P46489 Malate dehydrogenase [NADP], chloroplastic 3.31 
 P42211 Aspartic proteinase 3.23 
 Q05758 Ketol-acid reductoisomerase, chloroplastic 3.21 
 P46645 Aspartate aminotransferase, cytoplasmic isozyme 1 3.21 
 Q9FJN9 Polyadenylate-binding protein 2 3.18 
 Q96254 Guanosine nucleotide diphosphate dissociation inhibitor 1 3.15 
 Q43272 NADP-dependent glyceraldehyde-3-phosphate dehydrogenase 3.01 
 O81796 Isocitrate dehydrogenase [NAD] regulatory subunit 3, mitochondrial 2.99 
 Q0DEV5 Granule-bound starch synthase 1, chloroplastic/amyloplastic 2.96 
 Q32904 Chlorophyll a-b binding protein 3, chloroplastic 2.91 
 Q96327 ERBB-3 BINDING PROTEIN 1 2.81 
 P29195 Phosphoenolpyruvate carboxylase 1 2.71 
 Q8VYG9 Plant intracellular Ras-group-related LRR protein 9 2.61 
 O23254 Serine hydroxymethyltransferase 4 2.34 
 Q7XR61 Methylthioribose kinase 1 2.33 
 Q5N9J9 Probable phytol kinase 2, chloroplastic 2.30 
 P0DH85 B3 domain-containing protein REM10 1.98 
 Q5XEP2 Hsp70-Hsp90 organizing protein 2 1.75 
 Q7XBQ9 Disease resistance protein RGA2 1.65 
 P36495 Uncharacterized membrane protein ycf78 1.60 
 Q38954 Inorganic phosphate transporter 2-1, chloroplastic 1.53 
 Q10NX8 Beta-galactosidase 6 1.52 
 Q9FFC7 Alanine--tRNA ligase, chloroplastic/mitochondrial 1.43 
 Q9FL28 LRR receptor-like serine/threonine-protein kinase FLS2 1.28 
 Q8LPJ3 Probable alpha-mannosidase At5g13980 1.07 
 O22193 U-box domain-containing protein 4 0.97 
 Q6Z517 Protein SMAX1-like 0.96 
 Q9LJX4 Pumilio homolog 5 0.94 
 Q2PMP0 Protein TIC 214 0.33 
Shared    
 P84209 Malate dehydrogenase, mitochondrial (Fragments) 100.00 
 P85917 Putative heat shock protein 2 (Fragment) 100.00 
 P80627 Unknown protein from etiolated coleoptile (Fragment) 83.33 
 P08735 Glyceraldehyde-3-phosphate dehydrogenase 1, cytosolic  78.93 
 Q09054 Glyceraldehyde-3-phosphate dehydrogenase 2, cytosolic 76.85 
 P12863 Triosephosphate isomerase, cytosolic 69.57 
 P08440 Fructose-bisphosphate aldolase, cytoplasmic isozyme  65.07 
 P12329 Chlorophyll a-b binding protein 1, chloroplastic 63.74 
 P05348 Ribulose bisphosphate carboxylase small chain, chloroplastic 58.24 
 P26301 Enolase 1 56.95 
 P80607 Alpha-1,4-glucan-protein synthase [UDP-forming] 53.30 
 Q08062 Malate dehydrogenase, cytoplasmic 51.51 
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 P62786 Histone H4 variant TH091 51.46 
 P53504 Actin-1 50.93 
 P00333 Alcohol dehydrogenase 1 50.92 
 P80639 Eukaryotic translation initiation factor 5A 50.63 
 O24415 60S acidic ribosomal protein P2B 50.44 
 A2XNS1 Actin-3 50.40 
 P27788 Ferredoxin-3, chloroplastic 50.00 
 P24631 17.5 kDa class II heat shock protein 49.69 
 Q41764 Actin-depolymerizing factor 3 49.64 
 P19656 Non-specific lipid-transfer protein 49.17 
 P04907 Glutathione S-transferase 3 48.20 
 P19023 ATP synthase subunit beta, mitochondrial 47.74 
 O48556 Soluble inorganic pyrophosphatase 47.66 
 A2Y7R5 GTP-binding nuclear protein Ran-2 45.70 
 P18123 Catalase isozyme 3 45.56 
 P42895 Enolase 2 45.52 
 P02276 Histone H2A.2.1  45.03 
 Q96564 40S ribosomal protein S27  44.19 
 Q9XHS0 40S ribosomal protein S12 44.06 
 P21569 Peptidyl-prolyl cis-trans isomerase 42.44 
 A6N0M9 Nucleoside diphosphate kinase 1 40.94 
 P23346 Superoxide dismutase [Cu-Zn] 4AP  40.13 
 P52588 Protein disulfide-isomerase 38.60 
 Q41048 Oxygen-evolving enhancer protein 3-1, chloroplastic 38.25 
 P35131 Ubiquitin-conjugating enzyme E2 8 37.84 
 P24632 17.8 kDa class II heat shock protein 37.20 
 Q8H6A5 Translationally-controlled tumor protein homolog 36.53 
 P93804 Phosphoglucomutase, cytoplasmic 1 36.36 
 P93805 Phosphoglucomutase, cytoplasmic 2 36.36 
 P30169 Actin-75 36.34 
 P20904 Actin 36.07 
 P41980 Superoxide dismutase [Mn] 3.4, mitochondrial 35.19 
 P12653 Glutathione S-transferase 1 34.58 
 P46297 40S ribosomal protein S23 34.51 
 Q84RL7 Aquaporin PIP2-1 33.79 
 P59232 Ubiquitin-40S ribosomal protein S27a-2 33.76 
 P80608 Cysteine synthase  33.54 
 P38561 Glutamine synthetase root isozyme 3  33.15 
 O24573 60S acidic ribosomal protein P0 32.92 
 O22424 40S ribosomal protein S4  32.08 
 P46226 Triosephosphate isomerase, cytosolic 32.02 
 P25460 40S ribosomal protein S11 31.45 
 P09189 Heat shock cognate 70 kDa protein 31.34 
 O65101 Photosystem I reaction center subunit VI, chloroplastic 30.99 
 A8SEF5 Photosystem I iron-sulfur center 30.86 
 O22347 Tubulin alpha-1 chain 30.38 
 Q1ZYQ8 Expansin-B10 30.37 
 P93407 Superoxide dismutase [Cu-Zn], chloroplastic 30.33 
 Q7Y1L9 Protein SPIRAL1-like 1 30.17 
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 P49106 14-3-3-like protein GF14-6 29.89 
 P12950 Dehydrin DHN1 29.76 
 Q94JE1 Histone H2B.5  29.68 
 P12783 Phosphoglycerate kinase, cytosolic  29.68 
 P49174 Beta-fructofuranosidase, cell wall isozyme  29.49 
 Q41806 Oxygen-evolving enhancer protein 3-2, chloroplastic 29.11 
 O24047 Malate dehydrogenase, cytoplasmic 28.92 
 Q9SP22 Calreticulin 28.81 
 Q0ITW7 Alcohol dehydrogenase 2  28.76 
 P27322 Heat shock cognate 70 kDa protein 2 27.80 
 P49690 60S ribosomal protein L23  27.14 
 O48557 60S ribosomal protein L17  26.90 
 P0DKK8 40S ribosomal protein S10-1  26.78 
 P93629 Alcohol dehydrogenase class-3 26.77 
 P31674 40S ribosomal protein S15 26.62 
 Q9ZV36 UDP-glucuronic acid decarboxylase 6 25.95 
 P31726 Cystatin-1 25.93 
 P34767 Ribulose bisphosphate carboxylase large chain (Fragment) 25.89 
 A2Y053 S-adenosylmethionine synthase 1 24.75 
 Q9FE01 L-ascorbate peroxidase 2, cytosolic 24.70 
 P27777 16.9 kDa class I heat shock protein 1  24.67 
 P40280 Histone H2A  24.53 
 A4KA55 Profilin-6 24.43 
 O22655 Profilin-4  24.43 
 Q05761 40S ribosomal protein S13 23.84 
 Q84Q72 18.1 kDa class I heat shock protein 23.60 
 Q41852 40S ribosomal protein S21 23.46 
 O65107 Photosystem I reaction center subunit N, chloroplastic (Fragment) 23.21 
 Q10KF0 Proteasome subunit alpha type-2  22.98 
 Q01526 14-3-3-like protein GF14-12 22.61 
 O50003 60S ribosomal protein L12  22.29 
 A2ZB00 40S ribosomal protein S16  22.15 
 B4G072 DIMBOA UDP-glucosyltransferase BX9 21.65 
 Q84VG0 Probable calcium-binding protein CML7  21.62 
 Q6ZKC0 14-3-3-like protein GF14-C  21.48 
 Q37328 Ribulose bisphosphate carboxylase large chain (Fragment)  21.40 
 Q94F49 Probable histone H2A.5 21.33 
 Q2QLY4 5-methyltetrahydropteroyltriglutamate--homocysteine 
methyltransferase 2 
21.15 
 P13689 Auxin-binding protein 1 20.90 
 Q7SIC9 Transketolase, chloroplastic 20.74 
 P40978 40S ribosomal protein S19 20.55 
 P13853 17.6 kDa class I heat shock protein 3 20.38 
 P09315 Glyceraldehyde-3-phosphate dehydrogenase A, chloroplastic 20.35 
 P45633 60S ribosomal protein L10 20.00 
 Q9LSU1 Proteasome subunit alpha type-5 19.83 
 Q5I7K3 40S ribosomal protein S29 19.64 
 P24067 Luminal-binding protein 2 19.61 
 Q9ATM7 Aquaporin PIP2-3 19.38 
 A2Z7B3 GDP-mannose 3,5-epimerase 1 19.31 
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 Q6XZ78 Fructokinase-2  19.10 
 Q9SR73 40S ribosomal protein S28-1 18.75 
 P29545 Elongation factor 1-beta 18.30 
 O22349 Tubulin alpha-3 chain 18.00 
 P27347 DNA-binding protein MNB1B 17.83 
 Q9SVD7 Ubiquitin-conjugating enzyme E2 variant 1D 17.81 
 Q94LR4 Expansin-B4  17.48 
 Q2R2W2 14-3-3-like protein GF14-D 17.36 
 P04707 Alcohol dehydrogenase 2 17.15 
 P49087 V-type proton ATPase catalytic subunit A (Fragment) 17.11 
 O49884 60S ribosomal protein L30 16.96 
 O23138 Cytochrome c-1 16.67 
 P04709 ADP,ATP carrier protein 1, mitochondrial 16.54 
 P18122 Catalase isozyme 1 16.26 
 Q9ZP06 Malate dehydrogenase 1, mitochondrial 16.13 
 Q08480 Adenylate kinase 4 15.64 
 Q40682 Elongation factor 1-delta 2 15.49 
 P93554 Nucleoside diphosphate kinase 1 15.44 
 Q10S66 Chitinase 11 15.23 
 Q6YZX6 Putative aconitate hydratase, cytoplasmic 15.03 
 P49692 60S ribosomal protein L7a-1 14.79 
 P83373 Malate dehydrogenase, mitochondrial 14.75 
 Q94DM8 Ubiquitin-fold modifier 1 14.71 
 P49027 Guanine nucleotide-binding protein subunit beta-like protein A 14.67 
 P29023 Endochitinase B (Fragment) 13.75 
 P36213 Photosystem I reaction center subunit II, chloroplastic 13.66 
 Q9AT35 60S ribosomal protein L23a 13.64 
 P49036 Sucrose synthase 2 13.60 
 A2YDY2 60S ribosomal protein L11 13.19 
 P42794 60S ribosomal protein L11-2 13.19 
 Q43772 UTP--glucose-1-phosphate uridylyltransferase 13.11 
 Q5Z9Z3 Thioredoxin-like protein Clot 12.95 
 Q9FYS5 HMG-Y-related protein A 12.44 
 P0DKK7 60S ribosomal protein L7a-2 12.40 
 Q05431 L-ascorbate peroxidase 1, cytosolic 12.40 
 Q08069 40S ribosomal protein S8  12.22 
 Q69TY4 Peroxiredoxin-2E-1, chloroplastic 12.07 
 P51427 40S ribosomal protein S5-2 11.59 
 Q7F731 Germin-like protein 1-1 11.57 
 Q9XEK8 60S ribosomal protein L23  11.51 
 Q9LSU3 Proteasome subunit alpha type-6 11.38 
 Q42560 Aconitate hydratase 1 11.25 
 O49079 Oxygen-evolving enhancer protein 1, chloroplastic 10.94 
 O81372 Nucleoside diphosphate kinase 1 10.81 
 P46302 40S ribosomal protein S28  10.77 
 O49203 Nucleoside diphosphate kinase III, chloroplastic/mitochondrial 10.50 
 P49608 Aconitate hydratase, cytoplasmic  10.47 
 Q9M9B4 NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 10-A 10.28 
 Q6Z5N4 Pyruvate dehydrogenase E1 component subunit alpha-1, 
mitochondrial 
10.26 
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 P35686 40S ribosomal protein S20 10.16 
 Q9ZT66 Endo-1,3;1,4-beta-D-glucanase 9.90 
 Q9LEV3 CBS domain-containing protein CBSX3, mitochondrial 9.71 
 Q10717 Cysteine proteinase 2  9.17 
 Q6Z7V2 24.1 kDa heat shock protein, mitochondrial 9.09 
 Q40078 V-type proton ATPase subunit B 1 8.81 
 Q42669 Aconitate hydratase (Fragment) 8.77 
 Q10P60 26.7 kDa heat shock protein, chloroplastic 8.75 
 P43209 60S ribosomal protein L37a  8.60 
 Q9LXG1 40S ribosomal protein S9-1 8.59 
 P33444 40S ribosomal protein S3a 8.43 
 Q9SIP7 40S ribosomal protein S3-1 8.40 
 Q948T6 Lactoylglutathione lyase 8.25 
 Q40648 Probable voltage-gated potassium channel subunit beta 8.23 
 O49886 Peptidyl-prolyl cis-trans isomerase 8.14 
 Q9MAK9 26S protease regulatory subunit S10B homolog B 8.02 
 P42057 Outer plastidial membrane protein porin  7.94 
 C6TBN2 Probable aldo-keto reductase 1 7.80 
 Q945M1 NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 9 7.69 
 A2XRZ6 Probable aldo-keto reductase 3 7.61 
 P08474 Ribulose bisphosphate carboxylase small chain, chloroplastic  7.41 
 P05167 Thiol protease aleurain 7.18 
 Q9SXP2 Formate dehydrogenase 1, mitochondrial 6.65 
 Q9XJ54 Nuclear transport factor 2 6.56 
 Q6ZJJ1 Probable L-ascorbate peroxidase 4 6.53 
 O64964 Aquaporin TIP1-1 6.40 
 Q6ICZ8 Nascent polypeptide-associated complex subunit alpha-like protein 3  6.37 
 Q5VND6 Nucleosome assembly protein 1;1 6.35 
 Q6UNT2 60S ribosomal protein L5 6.29 
 Q43472 Glycine-rich RNA-binding protein blt801 6.21 
 P31166 Adenine phosphoribosyltransferase 1, chloroplastic 6.17 
 Q10T32 Expansin-B8 6.16 
 P25776 Oryzain alpha chain 6.11 
 P49397 40S ribosomal protein S3a 6.11 
 Q9FUM1 Elongation factor 1-gamma 5.92 
 P20115 Citrate synthase 4, mitochondrial 5.91 
 P42791 60S ribosomal protein L18-2 5.88 
 P49202 40S ribosomal protein S18 5.88 
 Q42376 Late embryogenesis abundant protein, group 3 5.88 
 Q9FF90 60S ribosomal protein L13-3 5.83 
 Q42961 Phosphoglycerate kinase, chloroplastic 5.61 
 Q08277 Heat shock protein 82  5.59 
 F8RP11 Hsp70-Hsp90 organizing protein 5.51 
 O48965 Isopentenyl-diphosphate Delta-isomerase II 5.50 
 Q9ZR03 Cytochrome b6-f complex iron-sulfur subunit, chloroplastic 5.24 
 Q9M1D3 Citrate synthase 5, mitochondrial 5.17 
 Q5Z402 Clathrin light chain 2  5.15 
 Q40977 Monodehydroascorbate reductase 5.08 
 Q9SF91 Ras-related protein RABE1e 5.05 
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 Q02028 Stromal 70 kDa heat shock-related protein, chloroplastic 4.82 
 Q9S7L9 Cytochrome c oxidase subunit 6b-1 4.71 
 Q42908 2,3-bisphosphoglycerate-independent phosphoglycerate mutase 4.65 
 Q7XWU8 Expansin-A1 4.60 
 Q941Z0 Probable NADPH:quinone oxidoreductase 1 4.57 
 Q9FXT4 Alpha-galactosidase  4.56 
 P93788 Remorin  4.55 
 P49298 Citrate synthase, mitochondrial 4.46 
 Q6ERW5 Probable cinnamyl alcohol dehydrogenase 8D  4.42 
 P42054 Outer plastidial membrane protein porin 4.35 
 O23755 Elongation factor 2 4.15 
 O82191 NADP-dependent malic enzyme 1 4.13 
 Q9SZJ5 Serine hydroxymethyltransferase 1, mitochondrial 4.06 
 O65282 20 kDa chaperonin, chloroplastic 3.95 
 Q9SIL6 Prohibitin-6, mitochondrial 3.85 
 P0CAN7 V-type proton ATPase subunit E3 3.80 
 Q9FRL8 Glutathione S-transferase DHAR2  3.76 
 Q9ZRI8 Formate dehydrogenase, mitochondrial  3.71 
 O64566 Plant intracellular Ras-group-related LRR protein 6  3.68 
 Q56WD9 3-ketoacyl-CoA thiolase 2, peroxisomal 3.68 
 Q84P97 Mitochondrial outer membrane protein porin 5 3.61 
 Q0JNR2 Cysteine proteinase inhibitor 12  3.60 
 Q9S827 Succinate dehydrogenase [ubiquinone] iron-sulfur subunit 1, 
mitochondrial 
3.56 
 Q8LG70 Probable 6-phosphogluconolactonase 2 3.47 
 Q93YR3 FAM10 family protein At4g22670  3.17 
 P29402 Calnexin homolog 1 3.02 
 P41127 60S ribosomal protein L13-1 2.91 
 Q6Z9C3 Probable 6-phosphogluconolactonase 3, chloroplastic 2.75 
 Q38931 Peptidyl-prolyl cis-trans isomerase FKBP62  2.54 
 A5H8G4 Peroxidase 1 2.45 
 A1E9T1 ATP synthase subunit beta, chloroplastic 2.41 
 Q69ST6 Protein disulfide isomerase-like 1-3 2.39 
 Q6ERW7 Probable cinnamyl alcohol dehydrogenase 8C  2.28 
 O82663 Succinate dehydrogenase [ubiquinone] flavoprotein subunit 1, 
mitochondrial 
2.21 
 B8BBZ7 Probable gamma-aminobutyrate transaminase 3, mitochondrial 2.16 
 P83970 Plasma membrane ATPase  2.10 
 P55939 Phospholipase D alpha 2 1.97 
 Q9STX5 Endoplasmin homolog  1.70 
 Q9FXA4 U-box domain-containing protein 26 1.66 
 A0A0P0VUY4 DNA (cytosine-5)-methyltransferase CMT1  1.04 
  
145 
 
Supplementary Information, Table 4. Protein accession numbers for pollen specific proteins 
identified in Figure 2. Proteins are turned off by pollination. 
 
Region 1 Accession Protein description Protein 
coverage 
Compatible    
 P46258 Actin-3 64.72 
 P30173 Actin-101 58.09 
 Q9FUD1 Profilin-A 53.44 
 P93371 Actin-93 (Fragment) 52.68 
 Q41782 Tubulin beta-4 chain 49.44 
 P12857 ADP,ATP carrier protein 2, mitochondrial 47.80 
 P04709 ADP,ATP carrier protein 1, mitochondrial 46.51 
 A4GFC3 Profilin-3 38.93 
 P0C542 Actin-7 34.57 
 Q42971 Enolase 34.53 
 A4GDR6 Profilin-4 26.12 
 P12459 Tubulin beta-1 chain 22.70 
 Q6ZHA3 Rac-like GTP-binding protein 6 20.81 
 Q5N725 Fructose-bisphosphate aldolase 3, cytoplasmic 18.44 
 Q942L2 Protein disulfide isomerase-like 2-2 14.82 
 P52855 60S acidic ribosomal protein P1 14.68 
 P31184 Ribulose bisphosphate carboxylase large chain 13.62 
 B7F958 UDP-glucose 6-dehydrogenase 2 12.66 
 Q2R352 Germin-like protein 11-1 11.71 
 P59229 V-type proton ATPase subunit c4 10.84 
 Q6PSU2 Conglutin-7 9.30 
 P51615 NADP-dependent malic enzyme 8.97 
 Q42521 Glutamate decarboxylase 1 8.96 
 O04916 Aconitate hydratase, cytoplasmic (Fragment) 8.93 
 A4GFB9 Profilin-4 7.63 
 Q6YZA4 Germin-like protein 8-6 7.11 
 Q9ASS6 Photosynthetic NDH subunit of lumenal location 5, chloroplastic 6.95 
 A4RUK2 40S ribosomal protein SA 6.21 
 Q9ZUT4 Pentatricopeptide repeat-containing protein At2g37320 6.20 
 Q2QUN2 Laccase-24 5.87 
 O64766 Pentatricopeptide repeat-containing protein At2g35030, mitochondrial 4.94 
 Q7FGZ2 DEAD-box ATP-dependent RNA helicase 1 4.79 
 M1CZC0 ERBB-3 BINDING PROTEIN 1 4.65 
 Q60EJ6 Probable indole-3-acetic acid-amido synthetase GH3.4 4.61 
 Q42577 NADH dehydrogenase iron-sulfur protein 7, mitochondrial 4.59 
 F4JP36 Protein HAPLESS 2 4.11 
 Q9M5K3 Dihydrolipoyl dehydrogenase 1, mitochondrial 3.75 
 Q6ZJJ0 Beta-galactosidase 11 3.42 
 Q39821 Dynamin-related protein 12A 2.46 
 Q94A28 Aconitate hydratase 3, mitochondrial 2.21 
 O04130 D-3-phosphoglycerate dehydrogenase 2, chloroplastic 2.08 
 A2YQ76 Pyruvate decarboxylase 3 1.87 
 O23530 Protein SUPPRESSOR OF npr1-1, CONSTITUTIVE 1 1.83 
 Q9C587 Replication factor C subunit 1 1.78 
 Q0WVW7 ATP-dependent DNA helicase Q-like 5 1.10 
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Supplementary Information, Table 4 cont. 
 
Region 1 Accession Protein description Protein 
coverage 
Incompatible   
 P0C1Y5 Expansin-B11 79.18 
 P58738 Expansin-B1 74.35 
 P93375 Actin-104 (Fragment) 72.62 
 P04464 Calmodulin 68.46 
 P35081 Profilin-1 60.31 
 A4KA57 Profilin-8 59.54 
 P27164 Calmodulin-related protein 55.43 
 P35338 Exopolygalacturonase 50.00 
 P35339 Exopolygalacturonase 48.05 
 P30168 Actin-71 48.01 
 P33631 Tubulin beta-2 chain (Fragment) 40.63 
 P09469 V-type proton ATPase catalytic subunit A 36.92 
 O49169 Elongation factor 1-alpha 35.63 
 P02581 Actin-1 33.16 
 P92549 ATP synthase subunit alpha, mitochondrial 28.40 
 O48920 ADP-ribosylation factor 26.52 
 P35683 Eukaryotic initiation factor 4A-1 23.91 
 O23979 Soluble inorganic pyrophosphatase 22.79 
 P06385 50S ribosomal protein L20, chloroplastic 22.41 
 P29185 Chaperonin CPN60-1, mitochondrial 21.84 
 Q2QS13 UDP-glucose 6-dehydrogenase 5 21.46 
 Q9LKA3 Malate dehydrogenase 2, mitochondrial 20.53 
 P22954 Probable mediator of RNA polymerase II transcription subunit 37c 19.30 
 Q9LK36 Adenosylhomocysteinase 2 18.76 
 Q43298 Chaperonin CPN60-2, mitochondrial 18.75 
 Q2QLY4 5-methyltetrahydropteroyltriglutamate--homocysteine methyltransferase 2 18.54 
 Q2QLY5 5-methyltetrahydropteroyltriglutamate--homocysteine methyltransferase 1 18.15 
 Q7M1X5 Major pollen allergen Lol p 11 16.42 
 P32112 Adenosylhomocysteinase 15.88 
 P21568 Peptidyl-prolyl cis-trans isomerase 15.20 
 Q8LCE1 Glutamine synthetase cytosolic isozyme 1-2 15.17 
 O24413 60S acidic ribosomal protein P3 15.00 
 P55240 Glucose-1-phosphate adenylyltransferase small subunit (Fragment) 14.40 
 O04369 Rac-like GTP-binding protein RAC1 14.21 
 O80433 Citrate synthase, mitochondrial 13.77 
 P50217 Isocitrate dehydrogenase [NADP] 13.70 
 Q9SRZ6 Cytosolic isocitrate dehydrogenase [NADP] 13.17 
 Q9LSH2 Glutamate decarboxylase 5 13.16 
 P04713 Granule-bound starch synthase 1, chloroplastic/amyloplastic 13.06 
 Q9LZI2 UDP-glucuronic acid decarboxylase 2 13.03 
 O04138 Chitinase 4 12.98 
 P30174 Actin-depolymerizing factor (Fragment) 12.70 
 Q67UF5 Protein disulfide isomerase-like 2-3 12.02 
 Q9FNN5 NADH dehydrogenase [ubiquinone] flavoprotein 1, mitochondrial 11.93 
 Q75GS4 UDP-glucose 6-dehydrogenase 1 11.85 
 O80501 Ras-related protein RABH1b 11.54 
 Q96254 Guanosine nucleotide diphosphate dissociation inhibitor 1 11.24 
 P29696 3-isopropylmalate dehydrogenase, chloroplastic 10.92 
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Region 1 Accession Protein description Protein 
coverage 
Incompatible   
 O81796 Isocitrate dehydrogenase [NAD] regulatory subunit 3, mitochondrial 9.78 
 P00074 Cytochrome c 9.73 
 Q9FHW7 SKP1-like protein 1B 8.77 
 Q9XGM1 V-type proton ATPase subunit D 8.43 
 Q9SP02 Peptidyl-prolyl cis-trans isomerase CYP20-1 8.33 
 Q8LG77 Isocitrate dehydrogenase [NAD] catalytic subunit 6, mitochondrial 8.29 
 Q9SZ95 Putative F-box protein At4g09790 8.26 
 Q9TL16 ATP synthase subunit alpha, chloroplastic 7.78 
 Q0DAE4 Glutaredoxin-C8 7.35 
 P36183 Endoplasmin homolog 7.17 
 P49175 Beta-fructofuranosidase 1 6.72 
 Q41266 Ubiquinol oxidase 2, mitochondrial 6.61 
 P43279 NADP-dependent malic enzyme, chloroplastic 6.57 
 P21343 Pyrophosphate--fructose 6-phosphate 1-phosphotransferase subunit beta 5.80 
 Q08466 Casein kinase II subunit alpha-2 5.46 
 Q03943 Membrane-associated 30 kDa protein, chloroplastic 5.26 
 Q9ZUZ2 CDPK-related kinase 3 5.21 
 Q6YXQ6 NAD(P)H-quinone oxidoreductase subunit 5, chloroplastic 5.00 
 Q6NMM8 Probable glucuronoxylan glucuronosyltransferase F8H 4.90 
 Q9M5K2 Dihydrolipoyl dehydrogenase 2, mitochondrial 4.73 
 Q9SK66 NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 9, mitochondrial 4.73 
 Q7XTJ3 Pyruvate dehydrogenase E1 component subunit alpha-3, chloroplastic 4.71 
 Q9M2Z8 Mitochondrial phosphate carrier protein 2, mitochondrial 4.68 
 Q9LNK1 Ras-related protein RABA3 4.64 
 P41213 Leucoanthocyanidin dioxygenase 4.56 
 P42803 Inositol-3-phosphate synthase 4.51 
 Q6K641 Eukaryotic translation initiation factor isoform 4G-2 4.36 
 Q10G39 Pyruvate dehydrogenase E1 component subunit beta-4, chloroplastic 4.25 
 Q9SAK4 Succinate-semialdehyde dehydrogenase, mitochondrial 3.98 
 P52580 Isoflavone reductase homolog IRL 3.88 
 Q9ASR1 Elongation factor 2 3.68 
 Q8H3C7 IAA-amino acid hydrolase ILR1-like 9 3.64 
 Q9SJ12 Probable ATP synthase 24 kDa subunit, mitochondrial 3.33 
 Q94C74 Serine hydroxymethyltransferase 2, mitochondrial 3.29 
 P52877 Phosphoserine aminotransferase, chloroplastic 3.26 
 F4HW17 Transmembrane 9 superfamily member 5 3.23 
 Q93VT8 ATP-citrate synthase beta chain protein 1 3.13 
 Q9XEE2 Annexin D2 2.84 
 B0Z4S4 Cytochrome c biogenesis protein CcsA 2.82 
 Q96327 ERBB-3 BINDING PROTEIN 1 2.81 
 Q9SYM5 UDP-4-keto-6-deoxy-D-glucose 3,5-epimerase 2.69 
 P49727 Cytochrome b-c1 complex subunit Rieske, mitochondrial 2.56 
 Q6ESZ9 Serine decarboxylase 1 2.49 
 Q2QSR8 Beta-glucosidase 38 2.44 
 A6MMN9 DNA-directed RNA polymerase subunit alpha 2.37 
 P58766 Phospholipase D alpha 3 2.20 
 Q2QMX9 Calcium-transporting ATPase 1, plasma membrane-type 2.16 
 Q9T0E0 Putative ATPase, plasma membrane-like 1.72 
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Region 1 Accession Protein description Protein 
coverage 
Incompatible   
 Q7XBQ9 Disease resistance protein RGA2 1.65 
 Q9ZT91 Elongation factor Tu, mitochondrial 1.54 
 Q9FN69 Transcription factor GLABRA 3 1.41 
 O48651 Squalene monooxygenase 1.30 
 Q67VS7 Probable mannan synthase 9 1.14 
 Q9S7P3 Kinesin-like protein KIN-7N 1.09 
 Q3E8Z8 Putative pectinesterase/pectinesterase inhibitor 28 1.09 
 P31927 Sucrose-phosphate synthase 1.03 
 F4JRJ6 Probable pre-mRNA-splicing factor ATP-dependent RNA helicase DEAH9 1.01 
 Q9LJX4 Pumilio homolog 5 0.94 
Shared    
 P30171 Actin-97 83.29 
 Q07154 Expansin-B9 69.89 
 A4KA56 Profilin-7 59.54 
 P26216 Exopolygalacturonase 58.78 
 P46251 Actin-depolymerizing factor 1 53.24 
 Q43694 Actin-depolymerizing factor 2  53.24 
 Q43433 V-type proton ATPase subunit B 2 (Fragment) 49.48 
 O65315 Actin 47.48 
 O24581 Luminal-binding protein 3 47.36 
 Q8H8T0 UDP-arabinopyranose mutase 1 43.13 
 P18026 Tubulin beta-2 chain 42.57 
 P09233 Superoxide dismutase [Mn] 3.1, mitochondrial 38.30 
 A4KA43 Profilin-6 37.40 
 Q9ZRJ4 Tubulin alpha chain 34.15 
 Q9SLY8 Calreticulin 32.31 
 Q9SDX3 UTP--glucose-1-phosphate uridylyltransferase 29.76 
 P25076 Cytochrome c1-1, heme protein, mitochondrial 22.19 
 P50249 Adenosylhomocysteinase 19.38 
 Q06967 14-3-3-like protein GF14-F 18.85 
 Q6YYW5 Expansin-A32 17.84 
 Q6EUH7 Actin-depolymerizing factor 1 15.11 
 Q0J0H4 Pyruvate dehydrogenase E1 component subunit beta-2, mitochondrial 14.36 
 Q7F4F8 Mitochondrial outer membrane protein porin 3 13.82 
 Q6Z1G7 Pyruvate dehydrogenase E1 component subunit beta-1, mitochondrial 13.64 
 Q9FPK7 Inositol-3-phosphate synthase 13.53 
 P09004 ATP synthase protein MI25 11.87 
 P52904 Pyruvate dehydrogenase E1 component subunit beta, mitochondrial 11.70 
 Q8LQ68 Hexokinase-6 11.46 
 Q9M5L0 60S ribosomal protein L35 9.76 
 Q5W676 Hexokinase-5 8.88 
 Q6ER94 2-Cys peroxiredoxin BAS1, chloroplastic 8.81 
 P93207 14-3-3 protein 10 8.73 
 P21616 Pyrophosphate-energized vacuolar membrane proton pump 8.62 
 Q39635 Uncharacterized 38.1 kDa protein 8.28 
 Q42472 Glutamate decarboxylase 2 8.10 
 Q9FT52 ATP synthase subunit d, mitochondrial 7.74 
 P00412 Cytochrome c oxidase subunit 2 7.69 
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Region 1 Accession Protein description Protein 
coverage 
Shared    
 Q9M573 60S ribosomal protein L31 7.44 
 Q6L5F7 Mitogen-activated protein kinase 17 7.22 
 Q2QP13 Expansin-A26 6.90 
 Q0IZZ8 Beta-galactosidase 12 6.37 
 Q9ATM0 Aquaporin TIP1-2 6.30 
 Q9FGI6 NADH dehydrogenase [ubiquinone] iron-sulfur protein 1, mitochondrial 5.88 
 P12628 NADP-dependent malic enzyme 5.60 
 Q2V6K1 Putative UDP-glucose glucosyltransferase 5.26 
 Q69Q02 4-alpha-glucanotransferase DPE2 5.18 
 Q42290 Probable mitochondrial-processing peptidase subunit beta, mitochondrial  5.08 
 Q9ZV56 Choline-phosphate cytidylyltransferase 1 4.82 
 P93032 Isocitrate dehydrogenase [NAD] regulatory subunit 2, mitochondrial  4.63 
 Q8RUN1 Calcium-transporting ATPase 3, plasma membrane-type 4.03 
 Q10L71 Villin-2 3.11 
 Q9LY32 ATPase 7, plasma membrane-type 3.02 
 P27140 Beta carbonic anhydrase 1, chloroplastic 2.88 
 Q9FPT1 Ubiquitin carboxyl-terminal hydrolase 12 2.78 
 Q56UD0 Beta-fructofuranosidase, insoluble isoenzyme 6 2.68 
 Q9FEW9 12-oxophytodienoate reductase 3 2.53 
 P93033 Fumarate hydratase 1, mitochondrial 2.44 
 P54770 Tyrosine/DOPA decarboxylase 3 2.25 
 Q9ZU25 Probable mitochondrial-processing peptidase subunit alpha-1, mitochondrial 1.99 
 Q9LV35 Actin-interacting protein 1-2 1.97 
 Q5Q0E6 Type 2 DNA topoisomerase 6 subunit B-like 1.90 
 O49485 D-3-phosphoglycerate dehydrogenase 1, chloroplastic 1.82 
 O98639 Maturase K 1.58 
 Q940Y8 Kinesin-like protein KIN-13B 1.46 
 P32811 Alpha-glucan phosphorylase, H isozyme 1.07 
 Q9FGY1 Beta-D-xylosidase 1 0.90 
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Supplementary Information, Table 5. Protein accession numbers for pollen and pistil specific 
proteins identified in Figure 2. Proteins are turned off by pollination. 
 
Region 2 Accession Protein description Protein 
coverage 
Compatible    
 O22347 Tubulin alpha-1 chain 46.56 
 Q43594 Tubulin beta-1 chain 42.95 
 O49169 Elongation factor 1-alpha 31.63 
 P09469 V-type proton ATPase catalytic subunit A 28.57 
 P29511 Tubulin alpha-6 chain 28.22 
 P22954 Probable mediator of RNA polymerase II transcription subunit 37c 27.41 
 P30792 2,3-bisphosphoglycerate-independent phosphoglycerate mutase  20.93 
 A2XFC7 L-ascorbate peroxidase 1, cytosolic 15.60 
 P50218 Isocitrate dehydrogenase [NADP] 12.77 
 Q0DAE4 Glutaredoxin-C8 7.35 
 P21343 Pyrophosphate--fructose 6-phosphate 1-phosphotransferase subunit beta 6.85 
 Q9LNK1 Ras-related protein RABA3 4.64 
 P49175 Beta-fructofuranosidase 1 4.48 
 Q9FMU6 Mitochondrial phosphate carrier protein 3, mitochondrial 2.40 
Incompatible    
 Q96482 Actin-41 (Fragment) 78.87 
 Q43247 Glyceraldehyde-3-phosphate dehydrogenase 3, cytosolic 74.78 
 Q6K9N6 Succinate--CoA ligase [ADP-forming] subunit beta, mitochondrial 34.36 
 P52855 60S acidic ribosomal protein P1 10.09 
 Q69LA6 Probable pyridoxal 5'-phosphate synthase subunit PDX1.1 8.81 
 P28011 Aspartate aminotransferase 1 5.50 
 Q9XET4 40S ribosomal protein S7 5.21 
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Supplementary Information, Table 6. Protein accession numbers for housekeeping proteins 
identified in Figure 2. Proteins are always expressed. 
 
Region 3 Accession Protein description Protein 
coverage 
Compatible   
 Q43247 Glyceraldehyde-3-phosphate dehydrogenase 3, cytosolic 78.04 
 Q96482 Actin-41 (Fragment) 72.62 
 A2WNH1 Calmodulin-3 68.46 
 Q08062 Malate dehydrogenase, cytoplasmic 53.61 
 P30168 Actin-71 47.48 
 Q96564 40S ribosomal protein S27 46.51 
 Q6XZ78 Fructokinase-2 46.27 
 Q05737 GTP-binding protein YPTM2 44.83 
 O48920 ADP-ribosylation factor 44.75 
 Q41803 Elongation factor 1-alpha 40.49 
 P42057 Outer plastidial membrane protein porin 39.35 
 P02581 Actin-1 38.20 
 P38562 Glutamine synthetase root isozyme 4 38.03 
 P27322 Heat shock cognate 70 kDa protein 2 33.70 
 Q2QLY4 5-methyltetrahydropteroyltriglutamate--homocysteine methyltransferase 2 26.24 
 O22518 40S ribosomal protein SA 23.23 
 Q2QS13 UDP-glucose 6-dehydrogenase 5 22.29 
 Q6ZDY8 Succinate dehydrogenase [ubiquinone] flavoprotein subunit, mitochondrial 21.27 
 Q9LK36 Adenosylhomocysteinase 2 21.03 
 P35683 Eukaryotic initiation factor 4A-1 16.67 
 Q93VT8 ATP-citrate synthase beta chain protein 1 12.66 
 P37833 Aspartate aminotransferase, cytoplasmic 8.85 
 P31166 Adenine phosphoribosyltransferase 1, chloroplastic 6.17 
 P49298 Citrate synthase, mitochondrial 4.67 
 P42054 Outer plastidial membrane protein porin 4.35 
 Q43007 Phospholipase D alpha 1 3.33 
 Q96327 ERBB-3 BINDING PROTEIN 1 2.81 
 Q9LJX4 Pumilio homolog 5 0.94 
Incompatible   
 P80627 Unknown protein from etiolated coleoptile (Fragment) 83.33 
 P08735 Glyceraldehyde-3-phosphate dehydrogenase 1, cytosolic 64.39 
 P30169 Actin-75 52.52 
 P24067 Luminal-binding protein 2 48.87 
 O65316 Actin 47.48 
 A2Y7R5 GTP-binding nuclear protein Ran-2 45.70 
 P12857 ADP,ATP carrier protein 2, mitochondrial 42.64 
 P43643 Elongation factor 1-alpha 36.69 
 P29511 Tubulin alpha-6 chain 35.56 
 P46226 Triosephosphate isomerase, cytosolic 33.60 
 Q9AT34 40S ribosomal protein S15a 30.77 
 Q9XHS0 40S ribosomal protein S12 30.77 
 A2Y053 S-adenosylmethionine synthase 1 30.56 
 P04907 Glutathione S-transferase 3 30.18 
 Q6ZL94 Probable succinate--CoA ligase [ADP-forming] subunit alpha, mitochondrial 28.10 
 Q8H6A5 Translationally-controlled tumor protein homolog 25.75 
 Q9LHA8 Probable mediator of RNA polymerase II transcription subunit 37c 25.23 
 P38561 Glutamine synthetase root isozyme 3 23.03 
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Region 3 Accession Protein description Protein 
coverage 
Incompatible   
 Q43772 UTP--glucose-1-phosphate uridylyltransferase 22.41 
 P23346 Superoxide dismutase [Cu-Zn] 4AP 21.05 
 A2XFC7 L-ascorbate peroxidase 1, cytosolic 18.80 
 P80608 Cysteine synthase 18.15 
 Q31669 Ribulose bisphosphate carboxylase large chain (Fragment) 17.95 
 A5BUU4 40S ribosomal protein SA 16.03 
 P19951 40S ribosomal protein S14 16.00 
 P35686 40S ribosomal protein S20 15.63 
 P51427 40S ribosomal protein S5-2 12.08 
 Q69TY4 Peroxiredoxin-2E-1, chloroplastic 12.07 
 A9NUH8 S-adenosylmethionine synthase 1 11.96 
 P52588 Protein disulfide-isomerase 11.89 
 Q40677 Fructose-bisphosphate aldolase, chloroplastic 11.34 
 Q43175 Citrate synthase, mitochondrial 9.34 
 Q42669 Aconitate hydratase (Fragment) 8.25 
 Q9MB46 V-type proton ATPase subunit E 7.83 
 P42794 60S ribosomal protein L11-2 7.69 
 P42055 Mitochondrial outer membrane protein porin of 34 kDa  7.61 
 P49105 Glucose-6-phosphate isomerase, cytosolic 7.41 
 Q9S827 Succinate dehydrogenase [ubiquinone] iron-sulfur subunit 1, mitochondrial 7.12 
 O04916 Aconitate hydratase, cytoplasmic (Fragment) 6.66 
 Q9XJ54 Nuclear transport factor 2 6.56 
 Q9SZJ5 Serine hydroxymethyltransferase 1, mitochondrial 6.19 
 P35016 Endoplasmin homolog 6.12 
 O82709 Calnexin homolog 5.26 
 Q01899 Heat shock 70 kDa protein, mitochondrial 4.44 
 Q94A28 Aconitate hydratase 3, mitochondrial 3.82 
 Q42686 Malate dehydrogenase, mitochondrial 3.49 
 P55939 Phospholipase D alpha 2 3.45 
Shared    
 P84209 Malate dehydrogenase, mitochondrial (Fragments) 100.00 
 P53504 Actin-1 89.92 
 Q09054 Glyceraldehyde-3-phosphate dehydrogenase 2, cytosolic 78.34 
 P19023 ATP synthase subunit beta, mitochondrial 76.31 
 P08440 Fructose-bisphosphate aldolase, cytoplasmic isozyme 74.93 
 P80607 Alpha-1,4-glucan-protein synthase [UDP-forming] 73.35 
 P12863 Triosephosphate isomerase, cytosolic 71.15 
 O48556 Soluble inorganic pyrophosphatase 67.76 
 P26301 Enolase 1 66.14 
 P05494 ATP synthase subunit alpha, mitochondrial 65.35 
 P49087 V-type proton ATPase catalytic subunit A (Fragment) 64.71 
 P42895 Enolase 2 58.30 
 P21569 Peptidyl-prolyl cis-trans isomerase 56.40 
 P93804 Phosphoglucomutase, cytoplasmic 1 55.06 
 P80639 Eukaryotic translation initiation factor 5A 50.63 
 P53498 Actin 49.07 
 O22349 Tubulin alpha-3 chain 44.67 
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Region 3 Accession Protein description Protein 
coverage 
Shared    
 O24573 60S acidic ribosomal protein P0 44.20 
 A6N0M9 Nucleoside diphosphate kinase 1 43.62 
 P12653 Glutathione S-transferase 1 42.06 
 Q9SP22 Calreticulin 38.33 
 Q6ZKC0 14-3-3-like protein GF14-C 37.89 
 O65107 Photosystem I reaction center subunit N, chloroplastic (Fragment) 36.61 
 P41980 Superoxide dismutase [Mn] 3.4, mitochondrial 35.62 
 P59232 Ubiquitin-40S ribosomal protein S27a-2 33.76 
 P12783 Phosphoglycerate kinase, cytosolic 32.17 
 Q2R2W2 14-3-3-like protein GF14-D 30.94 
 Q9FE01 L-ascorbate peroxidase 2, cytosolic 30.68 
 Q7SIC9 Transketolase, chloroplastic 29.04 
 P31674 40S ribosomal protein S15 26.62 
 Q84VG0 Probable calcium-binding protein CML7 26.35 
 Q0J4P2 Heat shock protein 81-1 25.75 
 Q6ZJJ1 Probable L-ascorbate peroxidase 4 23.37 
 O50003 60S ribosomal protein L12 22.29 
 P18122 Catalase isozyme 1 21.14 
 O81372 Nucleoside diphosphate kinase 1 20.95 
 P00057 Cytochrome c 20.72 
 A2Z7B3 GDP-mannose 3,5-epimerase 1 19.31 
 Q42962 Phosphoglycerate kinase, cytosolic 18.70 
 P49608 Aconitate hydratase, cytoplasmic 18.26 
 Q9ZP06 Malate dehydrogenase 1, mitochondrial 18.18 
 P93554 Nucleoside diphosphate kinase 1 18.12 
 Q6YZX6 Putative aconitate hydratase, cytoplasmic 16.37 
 A1E9T1 ATP synthase subunit beta, chloroplastic 12.45 
 O49203 Nucleoside diphosphate kinase III, chloroplastic/mitochondrial 10.50 
 Q9M9B4 NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 10-A  10.28 
 P20115 Citrate synthase 4, mitochondrial 9.28 
 Q43472 Glycine-rich RNA-binding protein blt801 6.21 
 O23755 Elongation factor 2 6.05 
 Q9M1D3 Citrate synthase 5, mitochondrial 5.17 
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Supplementary Information, Table 7. Protein accession numbers for pollen and pollinated 
pistil specific proteins identified in Figure 2. 
 
Region 4 Accession Protein description Protein 
coverage 
Compatible   
 P58738 Expansin-B11 72.49 
 P93375 Actin-104 (Fragment) 69.35 
 P35082 Profilin-2 60.31 
 P35338 Exopolygalacturonas 54.63 
 P35081 Profilin-1 53.44 
 P35339 Exopolygalacturonase 49.02 
 P0C1Y5 Expansin-B11 47.21 
 A4KA55 Profilin-6 45.80 
 O23979 Soluble inorganic pyrophosphatase 36.74 
 P38561 Glutamine synthetase root isozyme 3 34.55 
 P46226 Triosephosphate isomerase, cytosolic 32.81 
 Q6K9N6 Succinate--CoA ligase [ADP-forming] subunit beta, mitochondrial 24.41 
 O24413 60S acidic ribosomal protein P3 21.67 
 Q9LKA3 Malate dehydrogenase 2, mitochondrial 20.53 
 P00066 Cytochrome c 17.12 
 Q7M1X5 Major pollen allergen Lol p 11 16.42 
 P29185 Chaperonin CPN60-1, mitochondrial 13.86 
 P08282 Glutamine synthetase nodule isozyme 13.52 
 O81796 Isocitrate dehydrogenase [NAD] regulatory subunit 3, mitochondrial 12.77 
 P46256 Fructose-bisphosphate aldolase, cytoplasmic isozyme 1 12.61 
 Q945K7 Isocitrate dehydrogenase [NAD] catalytic subunit 5, mitochondrial 11.76 
 Q42669 Aconitate hydratase (Fragment) 11.52 
 P29696 3-isopropylmalate dehydrogenase, chloroplastic 10.92 
 Q96254 Guanosine nucleotide diphosphate dissociation inhibitor 1 10.56 
 Q67UF5 Protein disulfide isomerase-like 2-3 9.07 
 P49105 Glucose-6-phosphate isomerase, cytosolic 8.82 
 Q9S827 Succinate dehydrogenase [ubiquinone] iron-sulfur subunit 1, mitochondrial 7.47 
 B8BJ39 Pyruvate kinase 1, cytosolic 7.02 
 Q43134 Granule-bound starch synthase 1, chloroplastic/amyloplastic 6.91 
 Q01899 Heat shock 70 kDa protein, mitochondrial 5.48 
 Q9SK66 NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 9, 
mitochondrial 
4.73 
 P35016 Endoplasmin homolog 2.69 
Incompatible   
 P35083 Profilin-3 60.31 
 O22347 Tubulin alpha-1 chain 53.88 
 Q05737 GTP-binding protein YPTM2 47.78 
 Q6XZ78 Fructokinase-2 46.57 
 Q41782 Tubulin beta-4 chain 46.53 
 P42057 Outer plastidial membrane protein porin 44.40 
 P0C542 Actin-7 40.69 
 P29500 Tubulin beta-1 chain 38.67 
 P30792 2,3-bisphosphoglycerate-independent phosphoglycerate mutase 32.92 
 Q6ZDY8 Succinate dehydrogenase [ubiquinone] flavoprotein subunit, mitochondrial 20.32 
 Q5N725 Fructose-bisphosphate aldolase 3, cytoplasmic 19.55 
 Q942L2 Protein disulfide isomerase-like 2-2 16.98 
 Q42521 Glutamate decarboxylase 1 13.55 
 Q9ZV36 UDP-glucuronic acid decarboxylase 6 13.41 
 Q40977 Monodehydroascorbate reductase 8.31 
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Region 4 Accession Protein description Protein 
coverage 
Incompatible   
 Q7YMV1 Maturase K 5.50 
 A2YQ76 Pyruvate decarboxylase 3 1.87 
Shared    
 Q1ZYQ8 Expansin-B10 75.56 
 Q40078 V-type proton ATPase subunit B 1 57.79 
 Q6Z5N4 Pyruvate dehydrogenase E1 component subunit alpha-1, mitochondrial 38.97 
 Q75M08 Protein disulfide isomerase-like 2-1 16.67 
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Supplementary Information, Table 8. Protein accession numbers for pistil specific proteins 
identified in Figure 2. Proteins are turned off by pollination. 
 
Region 5 Accession Protein description Protein 
coverage 
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 P80610 Unknown protein from etiolated coleoptile (Fragment) 71.43 
 Q08704 Chalcone--flavonone isomerase 43.29 
 Q9XGD6 Caffeoyl-CoA O-methyltransferase 1 31.01 
 Q39445 Tubulin beta chain 29.84 
 A2YMC5 Probable histone H2A.1 28.89 
 Q9FZ48 Ubiquitin-conjugating enzyme E2 36 27.45 
 Q10724 Peptidyl-prolyl cis-trans isomerase, microsomal (Fragment) 26.67 
 Q2QLY5 5-methyltetrahydropteroyltriglutamate--homocysteine methyltransferase 1 24.28 
 A7PRJ6 S-adenosylmethionine synthase 4 23.92 
 P42798 40S ribosomal protein S15a-1 23.08 
 Q8VXG7 Phenylalanine/tyrosine ammonia-lyase 22.90 
 P49235 4-hydroxy-7-methoxy-3-oxo-3,4-dihydro-2H-1,4-benzoxazin-2-yl glucoside 
beta-D-glucosidase 1, chloroplastic 
21.38 
 Q336T5 Expansin-B3 18.28 
 P50300 S-adenosylmethionine synthase 16.79 
 A7QJG1 S-adenosylmethionine synthase 3 13.62 
 P36181 Heat shock cognate protein 80 12.73 
 P40934 Cytochrome b5 11.94 
 A1E9K3 Cytochrome f 11.56 
 Q41898 ATP synthase subunit epsilon, mitochondrial 11.43 
 Q0IQK9 Non-specific lipid-transfer protein 1 11.21 
 Q5E924 Glyceraldehyde-3-phosphate dehydrogenase GAPCP2, chloroplastic 11.19 
 Q39857 Xyloglucan endotransglucosylase/hydrolase 1 11.15 
 Q9LJW6 60S ribosomal protein L34-3 10.83 
 Q41542 Probable xyloglucan endotransglucosylase/hydrolase 10.58 
 Q40787 Ras-related protein Rab7 9.71 
 Q40345 Isocitrate dehydrogenase [NADP], chloroplastic (Fragment) 9.70 
 P55142 Glutaredoxin-C6 8.93 
 O04066 Acyl-CoA-binding protein 8.89 
 Q9SYM5 UDP-4-keto-6-deoxy-D-glucose 3,5-epimerase 8.82 
 Q06509 Caffeic acid 3-O-methyltransferase 8.24 
 O81918 Elongation factor 1-delta 8.23 
 O23290 60S ribosomal protein L36a 7.62 
 P93779 60S ribosomal protein L5 (Fragment) 7.44 
 Q67ZE1 3beta-hydroxysteroid-dehydrogenase/decarboxylase isoform 2 7.09 
 Q9SSE7 Arogenate dehydratase/prephenate dehydratase 2, chloroplastic 7.09 
 Q6K9C3 Serine/arginine-rich splicing factor RSZ23 7.00 
 P0C5D4 Putative peroxiredoxin Q, chloroplastic 6.91 
 A2WXX3 60S ribosomal protein L5-1 6.91 
 P20907 Cysteine proteinase inhibitor 2 5.96 
 Q9ZTP5 Ribulose-phosphate 3-epimerase, chloroplastic 5.47 
 Q9SCN8 Cell division control protein 48 homolog D 4.91 
 P13653 Protochlorophyllide reductase A, chloroplastic 4.64 
 P24825 Chalcone synthase C2 4.50 
 Q75W16 Phospho-2-dehydro-3-deoxyheptonate aldolase 2, chloroplastic 4.27 
 P29766 60S ribosomal protein L8 4.23 
 Q7XMI0 UMP-CMP kinase 2 4.12 
 Q69LA6 Probable pyridoxal 5'-phosphate synthase subunit PDX1.1 4.09 
 Q6L5I5 Mitochondrial outer membrane protein porin 2 3.93 
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 Q8GT95 Polygalacturonase inhibitor 1 3.92 
 A2XHJ5 Cysteine protease ATG4A 3.59 
 Q8W1L6 Peroxisomal fatty acid beta-oxidation multifunctional protein 3.58 
 P93798 Alpha-soluble NSF attachment protein 3.46 
 Q7XPL2 Oxygen-dependent coproporphyrinogen-III oxidase, chloroplastic 3.26 
 O65396 Aminomethyltransferase, mitochondrial 3.19 
 Q9C9C5 60S ribosomal protein L6-3 3.00 
 Q8W3D9 Protochlorophyllide reductase B, chloroplastic 2.99 
 Q5KQI4 B3 domain-containing protein Os05g0481400 2.87 
 Q337Y2 Probable cinnamyl alcohol dehydrogenase 3 2.73 
 Q9FJZ9 Peroxidase 72 2.68 
 Q9AWM8 Kinesin-like protein KIN-7A 2.62 
 B8BBN7 Obg-like ATPase 1 2.54 
 Q9SD85 Flavonoid 3'-monooxygenase 2.53 
 P08823 RuBisCO large subunit-binding protein subunit alpha, chloroplastic 
(Fragment) 
2.39 
 Q84QY3 Patatin-like protein 1 2.31 
 Q9FH36 Probable galacturonosyltransferase 12 2.24 
 P84516 Cationic peroxidase SPC4 2.21 
 Q9LNJ0 Probable cyclic nucleotide-gated ion channel 10 2.11 
 Q93Z38 Tryptophan aminotransferase-related protein 4 1.94 
 F4I902 Disease resistance protein CHS1 1.90 
 Q9SE94 Methylenetetrahydrofolate reductase 1 1.85 
 Q75I93 Beta-glucosidase 7 1.79 
 Q657B3 Zinc finger CCCH domain-containing protein 7 1.58 
 Q7YMV1 Maturase K 1.18 
 Q2XSC6 (R)-limonene synthase 1.16 
 Q9SHI3 Receptor-like protein 2 0.96 
 Q9M3D8 L-type lectin-domain containing receptor kinase I.3 0.90 
Incompatible   
 P09189 Heat shock cognate 70 kDa protein 25.35 
 P28413 Ribulose bisphosphate carboxylase large chain (Fragment) 22.91 
 Q06SC5 Cytochrome b559 subunit beta 18.60 
 A2XJ35 Chlorophyll a-b binding protein, chloroplastic 18.25 
 P11490 Plastocyanin minor isoform, chloroplastic 14.04 
 P48502 Cytochrome b-c1 complex subunit 7 8.94 
 P46252 60S acidic ribosomal protein P2A 8.93 
 Q9ZT00 Ribulose bisphosphate carboxylase/oxygenase activase, chloroplastic 7.16 
 P16016 Carbonic anhydrase, chloroplastic 6.90 
 Q9FJX2 60S ribosomal protein L26-2 6.85 
 B7F845 60S ribosomal protein L10a 6.48 
 Q9LIP3 Cytochrome P450 71B37 6.00 
 P43188 Adenylate kinase, chloroplastic 4.95 
 Q7XCK6 Chitinase 8 4.60 
 A3A2W2 CASP-like protein 4A2 4.55 
 Q7XKE9 Clathrin light chain 1 3.99 
 Q38866 Expansin-A2 3.53 
 P12302 Oxygen-evolving enhancer protein 2, chloroplastic 3.00 
 Q9SF40 60S ribosomal protein L4-1 2.96 
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 F4IYM4 Protein DEFECTIVE IN EXINE FORMATION 1 2.90 
 Q9M0G5 Putative cysteine-rich receptor-like protein kinase 43 2.72 
 Q3E6Q1 Pentatricopeptide repeat-containing protein At1g11290, chloroplastic 2.72 
 P93115 Monogalactosyldiacylglycerol synthase, chloroplastic 2.48 
 Q94AR8 3-isopropylmalate dehydratase large subunit, chloroplastic 2.16 
 P0DH85 B3 domain-containing protein REM10 1.98 
 O48786 Cytochrome P450 734A1 1.92 
 O23254 Serine hydroxymethyltransferase 4 1.49 
 Q9ZU46 Receptor protein kinase-like protein ZAR1 1.12 
 Q6Z517 Protein SMAX1-like 0.96 
 Q9ZQX8 Protein NETWORKED 1C 0.90 
Shared    
 P49215 40S ribosomal protein S17 6.94 
 Q9SDM1 Chlorophyll a-b binding protein 1B-21, chloroplastic 5.71 
 P21240 Chaperonin 60 subunit beta 1, chloroplastic 2.00 
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Region 6 Accession Protein description Protein 
coverage 
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 P80627 Unknown protein from etiolated coleoptile (Fragment) 83.33 
 P08735 Glyceraldehyde-3-phosphate dehydrogenase 1, cytosolic 80.42 
 P84545 Dihydrolipoyl dehydrogenase (Fragment) 72.73 
 P19950 40S ribosomal protein S14 55.70 
 P04907 Glutathione S-transferase 3 48.20 
 P51108 Dihydroflavonol 4-reductase 47.34 
 P23345 Superoxide dismutase [Cu-Zn] 4A 44.74 
 P23346 Superoxide dismutase [Cu-Zn] 4AP 44.74 
 Q9XHS0 40S ribosomal protein S12 44.06 
 Q75L11 Probable histone H2A.6 43.59 
 Q8H7Y8 Probable histone H2A variant 1 42.75 
 A2Y7R5 GTP-binding nuclear protein Ran-2 42.53 
 A2Y053 S-adenosylmethionine synthase 1 42.17 
 P80608 Cysteine synthase 42.15 
 Q9ZPN8 Tubulin beta-3 chain 40.13 
 P52588 Protein disulfide-isomerase 38.60 
 Q8H6A5 Translationally-controlled tumor protein homolog 36.53 
 P09189 Heat shock cognate 70 kDa protein 34.72 
 A2XJ35 Chlorophyll a-b binding protein, chloroplastic 32.32 
 P11143 Heat shock 70 kDa protein 30.54 
 Q9SUI6 Photosystem I reaction center subunit VI-2, chloroplastic 30.34 
 Q9ZV36 UDP-glucuronic acid decarboxylase 6 30.03 
 Q949H0 40S ribosomal protein S7 29.84 
 P00874 Ribulose bisphosphate carboxylase large chain 26.26 
 P55857 Small ubiquitin-related modifier 1 25.00 
 Q9AT34 40S ribosomal protein S15a 23.85 
 Q10KF0 Proteasome subunit alpha type-2 22.98 
 P04782 Chlorophyll a-b binding protein 25, chloroplastic 22.93 
 Q9XF59 Aquaporin PIP1-2 22.84 
 B7F845 60S ribosomal protein L10a 22.69 
 A2YXU2 Proteasome subunit alpha type-7-A 21.69 
 Q4LB23 S-adenosylmethionine synthase 2 20.81 
 P11428 Superoxide dismutase [Cu-Zn] 2 20.53 
 O65731 40S ribosomal protein S5 (Fragment) 20.30 
 P51427 40S ribosomal protein S5-2 20.29 
 Q43772 UTP--glucose-1-phosphate uridylyltransferase 20.08 
 Q08479 Adenylate kinase 3 17.01 
 P27523 Chlorophyll a-b binding protein of LHCII type III, chloroplastic 16.04 
 P04712 Sucrose synthase 1 15.59 
 Q40682 Elongation factor 1-delta 2 15.49 
 Q06652 Probable phospholipid hydroperoxide glutathione peroxidase 14.97 
 P49692 60S ribosomal protein L7a-1 14.79 
 P32112 Adenosylhomocysteinase 14.64 
 Q9FFE0 Putative 4-hydroxy-4-methyl-2-oxoglutarate aldolase 2 14.46 
 Q42553 Isopentenyl-diphosphate Delta-isomerase II, chloroplastic 14.08 
 Q9ZT66 Endo-1,3;1,4-beta-D-glucanase 13.86 
 P12359 Oxygen-evolving enhancer protein 1, chloroplastic 13.25 
 P42794 60S ribosomal protein L11-2 13.19 
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 Q9LI00 6-phosphogluconate dehydrogenase, decarboxylating 1 12.50 
 O50008 5-methyltetrahydropteroyltriglutamate--homocysteine methyltransferase 1 12.42 
 Q69TY4 Peroxiredoxin-2E-1, chloroplastic 12.07 
 Q9FDW8 Cytochrome b5 isoform A 11.85 
 P42856 14 kDa zinc-binding protein 11.72 
 P49100 Cytochrome b5 11.68 
 P49216 40S ribosomal protein S26 11.28 
 P16165 Anthocyanidin 3-O-glucosyltransferase 11.25 
 O03986 Heat shock protein 90-4 10.44 
 P35686 40S ribosomal protein S20 10.16 
 P51418 60S ribosomal protein L18a-2 9.55 
 P48502 Cytochrome b-c1 complex subunit 7 8.94 
 P46252 60S acidic ribosomal protein P2A 8.93 
 Q9FHW7 SKP1-like protein 1B 8.77 
 P48497 Triosephosphate isomerase, cytosolic 8.56 
 P46466 26S protease regulatory subunit 4 homolog 8.26 
 Q40648 Probable voltage-gated potassium channel subunit beta 8.23 
 Q5Z627 Elongation factor 1-gamma 3 7.93 
 Q04127 Oxygen-evolving enhancer protein 2-3, chloroplastic 7.89 
 P0CAN7 V-type proton ATPase subunit E3 7.59 
 P85200 26S protease regulatory subunit 6B homolog 7.49 
 Q9FJX2 60S ribosomal protein L26-2 6.85 
 P46465 26S protease regulatory subunit 6A homolog 6.76 
 Q9XJ54 Nuclear transport factor 2 6.56 
 Q9XE33 Nuclear transcription factor Y subunit C-6 6.34 
 Q8GXW5 Glutamine synthetase cytosolic isozyme 1-5 5.67 
 Q0J6T3 Probable cinnamyl alcohol dehydrogenase 5 5.65 
 Q39994 Calnexin homolog 5.56 
 Q40977 Monodehydroascorbate reductase 5.08 
 P43188 Adenylate kinase, chloroplastic 4.95 
 O23715 Proteasome subunit alpha type-3 4.82 
 Q6NQL4 2-dehydro-3-deoxyphosphooctonate aldolase 2 4.47 
 Q9SZJ5 Serine hydroxymethyltransferase 1, mitochondrial 4.06 
 Q9SIL6 Prohibitin-6, mitochondrial 3.85 
 O23254 Serine hydroxymethyltransferase 4 3.82 
 Q38866 Expansin-A2 3.53 
 Q8LG70 Probable 6-phosphogluconolactonase 2 3.47 
 P42211 Aspartic proteinase 3.23 
 P29195 Phosphoenolpyruvate carboxylase 1 2.71 
 P0DH85 B3 domain-containing protein REM10 1.98 
 Q10NX8 Beta-galactosidase 6 1.52 
 Q8LPJ3 Probable alpha-mannosidase 1.07 
 O22193 U-box domain-containing protein 4 0.97 
 Q6Z517 Protein SMAX1-like 0.96 
Incompatible   
 P85917 Putative heat shock protein 2 (Fragment) 100.00 
 Q41784 Tubulin beta-7 chain 49.21 
 Q96564 40S ribosomal protein S27 44.19 
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 Q08062 Malate dehydrogenase, cytoplasmic 32.53 
 Q41806 Oxygen-evolving enhancer protein 3-2, chloroplastic 29.11 
 O24047 Malate dehydrogenase, cytoplasmic 28.92 
 Q10L32 Peptide methionine sulfoxide reductase B5 27.94 
 Q37328 Ribulose bisphosphate carboxylase large chain (Fragment) 27.25 
 Q10724 Peptidyl-prolyl cis-trans isomerase, microsomal (Fragment) 26.67 
 A2Y5G8 Probable histone H2A.4 23.93 
 P27322 Heat shock cognate 70 kDa protein 2 23.45 
 Q31750 Ribulose bisphosphate carboxylase large chain (Fragment) 23.24 
 Q0ITW7 Alcohol dehydrogenase 2 22.16 
 Q8S857 Probable histone H2A variant 2 21.58 
 Q33619 Ribulose bisphosphate carboxylase large chain (Fragment) 21.14 
 A1E9K3 Cytochrome f 18.44 
 Q336T5 Expansin-B3 18.28 
 Q3V526 Ribulose bisphosphate carboxylase large chain 17.92 
 Q9AQU5 Aquaporin PIP1-3/PIP1-4 17.81 
 P04707 Alcohol dehydrogenase 2 17.68 
 O49884 60S ribosomal protein L30 16.96 
 P24631 17.5 kDa class II heat shock protein 16.77 
 P24629 Heat shock cognate 70 kDa protein 1 16.77 
 P24632 17.8 kDa class II heat shock protein 16.46 
 P27777 16.9 kDa class I heat shock protein 1 14.67 
 P26519 Glyceraldehyde-3-phosphate dehydrogenase, cytosolic 14.58 
 Q9S7H1 Photosystem I reaction center subunit II-1, chloroplastic 14.42 
 Q43766 Non-specific lipid-transfer protein 3 14.41 
 Q943F3 60S ribosomal protein L18a 13.48 
 Q42662 5-methyltetrahydropteroyltriglutamate--homocysteine methyltransferase 12.83 
 Q9FYS5 HMG-Y-related protein A 12.44 
 Q9XGD6 Caffeoyl-CoA O-methyltransferase 1 12.40 
 Q9SIB9 Aconitate hydratase 2, mitochondrial 12.32 
 Q41898 ATP synthase subunit epsilon, mitochondrial 11.43 
 O04848 Probable histone H2AXa 11.27 
 Q0IQK9 Non-specific lipid-transfer protein 1 11.21 
 P23321 Oxygen-evolving enhancer protein 1-1, chloroplastic 10.54 
 P29023 Endochitinase B (Fragment) 10.41 
 A1XBB7 Protein IN2-1 homolog B 10.25 
 P29036 Ferritin-1, chloroplastic 10.24 
 Q70Z19 Nucleosome assembly protein 1;1 10.16 
 Q08277 Heat shock protein 82 9.93 
 Q94A97 Ubiquitin-conjugating enzyme E2 35 9.80 
 Q9FLP6 Small ubiquitin-related modifier 2 9.71 
 Q10717 Cysteine proteinase 2 9.17 
 Q95AD7 ATP synthase subunit beta, chloroplastic 8.23 
 O49886 Peptidyl-prolyl cis-trans isomerase 8.14 
 Q945M1 NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 9 7.69 
 P25765 Chitinase 12 7.36 
 O82191 NADP-dependent malic enzyme 1 7.23 
 Q5S1S6 Peroxiredoxin Q, chloroplastic 6.91 
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 O23968 Probable phospholipid hydroperoxide glutathione peroxidase 6.67 
 Q9SCN8 Cell division control protein 48 homolog D 6.38 
 Q9MBF6 Histone H3-like 1 6.04 
 P42791 60S ribosomal protein L18-2 5.88 
 Q6Z1J6 Obg-like ATPase 1 5.84 
 Q9ZTP5 Ribulose-phosphate 3-epimerase, chloroplastic 5.47 
 Q6I544 Germin-like protein 5-1 5.43 
 Q9FUM1 Elongation factor 1-gamma 5.21 
 Q02028 Stromal 70 kDa heat shock-related protein, chloroplastic 4.82 
 Q6ERW5 Probable cinnamyl alcohol dehydrogenase 8D 4.42 
 P49235 4-hydroxy-7-methoxy-3-oxo-3,4-dihydro-2H-1,4-benzoxazin-2-yl 
glucoside beta-D-glucosidase 1, chloroplastic 
4.24 
 Q3L181 Perakine reductase 4.15 
 C6TBN2 Probable aldo-keto reductase 1 4.05 
 A2XRZ6 Probable aldo-keto reductase 3 3.94 
 Q9ZRI8 Formate dehydrogenase, mitochondrial 3.71 
 Q56WD9 3-ketoacyl-CoA thiolase 2, peroxisomal 3.68 
 Q8W1L6 Peroxisomal fatty acid beta-oxidation multifunctional protein 3.58 
 Q9SXP2 Formate dehydrogenase 1, mitochondrial 3.46 
 Q93YR3 FAM10 family protein At4g22670  3.17 
 P29114 Linoleate 9S-lipoxygenase 1 2.90 
 Q9ZRF1 Probable mannitol dehydrogenase 2.79 
 A7QEU4 Peroxidase 5 2.74 
 Q38931 Peptidyl-prolyl cis-trans isomerase FKBP62 2.54 
 B9FFD2 Putative 12-oxophytodienoate reductase 12 2.46 
 Q7G794 Putative linoleate 9S-lipoxygenase 3 2.42 
 Q84QY3 Patatin-like protein 1 2.31 
 Q9SQI2 Protein GIGANTEA 1.71 
 Q9FXA4 U-box domain-containing protein 26 1.66 
 Q9C614 Probable L-gulonolactone oxidase 1 1.18 
 Q9SMV7 DNA mismatch repair protein MSH7 0.99 
 Q9SHI3 Receptor-like protein 2 0.96 
Shared    
 O24415 60S acidic ribosomal protein P2B 77.88 
 P12329 Chlorophyll a-b binding protein 1, chloroplastic 63.74 
 P05348 Ribulose bisphosphate carboxylase small chain, chloroplastic 61.76 
 P93805 Phosphoglucomutase, cytoplasmic 2 53.00 
 P18123 Catalase isozyme 3 51.81 
 P62786 Histone H4 variant TH091 51.46 
 P00333 Alcohol dehydrogenase 1 50.92 
 P49106 14-3-3-like protein GF14-6 49.81 
 Q41764 Actin-depolymerizing factor 3 49.64 
 P19656 Non-specific lipid-transfer protein 49.17 
 A8SEF5 Photosystem I iron-sulfur center 48.15 
 P02276 Histone H2A.2.1 45.03 
 Q01526 14-3-3-like protein GF14-12  43.68 
 Q84RL7 Aquaporin PIP2-1 42.07 
 Q41048 Oxygen-evolving enhancer protein 3-1, chloroplastic  38.25 
 O22424 40S ribosomal protein S4 38.11 
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 P35131 Ubiquitin-conjugating enzyme E2 8 37.84 
 P46297 40S ribosomal protein S23 34.51 
 P93629 Alcohol dehydrogenase class-3 33.86 
 P31726 Cystatin-1 32.59 
 P25460 40S ribosomal protein S11 31.45 
 O22655 Profilin-4 31.30 
 O65101 Photosystem I reaction center subunit VI, chloroplastic 30.99 
 P93407 Superoxide dismutase [Cu-Zn], chloroplastic 30.33 
 Q7Y1L9 Protein SPIRAL1-like 1 30.17 
 P34767 Ribulose bisphosphate carboxylase large chain (Fragment)  29.95 
 Q2R8Z5 Alcohol dehydrogenase 1 29.82 
 Q94JE1 Histone H2B.5 29.68 
 P49174 Beta-fructofuranosidase, cell wall isozyme 29.49 
 A2ZB00 40S ribosomal protein S16 27.52 
 P49690 60S ribosomal protein L23 27.14 
 Q9ATM7 Aquaporin PIP2-3 26.99 
 O48557 60S ribosomal protein L17 26.90 
 P0DKK8 40S ribosomal protein S10-1 26.78 
 P40280 Histone H2A 24.53 
 Q84Q72 18.1 kDa class I heat shock protein 23.60 
 Q41852 40S ribosomal protein S21 23.46 
 B4G072 DIMBOA UDP-glucosyltransferase BX9 21.65 
 Q94F49 Probable histone H2A.5 21.33 
 P13689 Auxin-binding protein 1 20.90 
 P40978 40S ribosomal protein S19 20.55 
 P09315 Glyceraldehyde-3-phosphate dehydrogenase A, chloroplastic 20.35 
 Q9AT35 60S ribosomal protein L23a 20.13 
 O48549 40S ribosomal protein S6-1 20.00 
 P45633 60S ribosomal protein L10 20.00 
 Q9LSU1 Proteasome subunit alpha type-5 19.83 
 Q5I7K3 40S ribosomal protein S29 19.64 
 Q9LSU3 Proteasome subunit alpha type-6 19.51 
 Q08069 40S ribosomal protein S8 19.00 
 Q9SR73 40S ribosomal protein S28-1 18.75 
 P29545 Elongation factor 1-beta 18.30 
 P27347 DNA-binding protein MNB1B 17.83 
 Q9SVD7 Ubiquitin-conjugating enzyme E2 variant 1D  17.81 
 Q94LR4 Expansin-B4 17.48 
 P43209 60S ribosomal protein L37a 17.20 
 Q08480 Adenylate kinase 4 15.64 
 Q10S66 Chitinase 11 15.23 
 P49036 Sucrose synthase 2 14.83 
 Q94DM8 Ubiquitin-fold modifier 1 14.71 
 P49027 Guanine nucleotide-binding protein subunit beta-like protein A 14.67 
 P36213 Photosystem I reaction center subunit II, chloroplastic 13.66 
 A2YDY2 60S ribosomal protein L11 13.19 
 Q5Z9Z3 Thioredoxin-like protein Clot 12.95 
 Q42961 Phosphoglycerate kinase, chloroplastic 12.89 
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 Q05431 L-ascorbate peroxidase 1, cytosolic 12.40 
 Q9FXT4 Alpha-galactosidase 11.99 
 Q9MAK9 26S protease regulatory subunit S10B homolog B 11.78 
 Q7F731 Germin-like protein 1-1  11.57 
 Q9XEK8 60S ribosomal protein L23  11.51 
 O49079 Oxygen-evolving enhancer protein 1, chloroplastic  10.94 
 P46302 40S ribosomal protein S28 10.77 
 Q65XK0 Ketol-acid reductoisomerase, chloroplastic  10.03 
 P49202 40S ribosomal protein S18 9.80 
 Q9LEV3 CBS domain-containing protein CBSX3, mitochondrial  9.71 
 Q9LXG1 40S ribosomal protein S9-1  8.59 
 P33444 40S ribosomal protein S3a  8.43 
 Q9SIP7 40S ribosomal protein S3-1  8.40 
 Q948T6 Lactoylglutathione lyase  8.25 
 P08474 Ribulose bisphosphate carboxylase small chain, chloroplastic 7.41 
 P05167 Thiol protease aleurain  7.18 
 P15719 Malate dehydrogenase [NADP], chloroplastic  7.18 
 Q0JNR2 Cysteine proteinase inhibitor 12  6.80 
 Q42908 2,3-bisphosphoglycerate-independent phosphoglycerate mutase 6.80 
 O64964 Aquaporin TIP1-1 6.40 
 Q6ICZ8 Nascent polypeptide-associated complex subunit alpha-like protein 3  6.37 
 Q5VND6 Nucleosome assembly protein 1;1  6.35 
 Q6UNT2 60S ribosomal protein L5 6.29 
 Q10T32 Expansin-B8 6.16 
 P25776 Oryzain alpha chain 6.11 
 P49397 40S ribosomal protein S3a 6.11 
 P83970 Plasma membrane ATPase 6.10 
 Q9FF90 60S ribosomal protein L13-3  5.83 
 Q6ERW7 Probable cinnamyl alcohol dehydrogenase 8C 5.69 
 F8RP11 Hsp70-Hsp90 organizing protein 5.51 
 O48965 Isopentenyl-diphosphate Delta-isomerase II 5.50 
 Q9ZR03 Cytochrome b6-f complex iron-sulfur subunit, chloroplastic 5.24 
 Q5Z402 Clathrin light chain 2 5.15 
 Q9S7L9 Cytochrome c oxidase subunit 6b-1 4.71 
 Q7XWU8 Expansin-A1 4.60 
 P93788 Remorin 4.55 
 O65282 20 kDa chaperonin, chloroplastic 3.95 
 Q9FRL8 Glutathione S-transferase DHAR2 3.76 
 O64566 Plant intracellular Ras-group-related LRR protein 6 3.68 
 Q84P97 Mitochondrial outer membrane protein porin 5 3.61 
 P41127 60S ribosomal protein L13-1 2.91 
 Q6Z9C3 Probable 6-phosphogluconolactonase 3, chloroplastic  2.75 
 A5H8G4 Peroxidase 1 2.45 
 Q69ST6 Protein disulfide isomerase-like 1-3 2.39 
 B8BBZ7 Probable gamma-aminobutyrate transaminase 3, mitochondrial 2.16 
 A0A0P0VUY4 DNA (cytosine-5)-methyltransferase CMT1 1.04 
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 Q08275 17.0 kDa class II heat shock protein 54.55 
 P24631 17.5 kDa class II heat shock protein 49.69 
 P93374 Actin-53 (Fragment) 44.64 
 P68429 Histone H3.2 40.44 
 Q5MYA4 Histone H3.2 40.44 
 Q9FKQ3 Histone H3-like 5 39.57 
 P30169 Actin-75 39.52 
 P24632 17.8 kDa class II heat shock protein 37.20 
 P29022 Endochitinase A 34.29 
 Q71V89 Histone H3.3 33.82 
 P48495 Triosephosphate isomerase, cytosolic 29.92 
 P04783 Chlorophyll a-b binding protein 91R, chloroplastic 29.21 
 Q6ZL42 Probable histone H2A.2 28.89 
 Q0ITW7 Alcohol dehydrogenase 2 28.76 
 P25469 Histone H2A.1 26.03 
 P27777 16.9 kDa class I heat shock protein 1 24.67 
 Q10A30 Fructose-bisphosphate aldolase 2, cytoplasmic 23.74 
 Q6XZ79 Fructokinase-1 22.91 
 O48558 60S ribosomal protein L30 19.64 
 P27880 18.2 kDa class I heat shock protein 19.62 
 P0C8Y9 Proteasome subunit alpha type-4-2 18.40 
 P26413 Heat shock 70 kDa protein 17.98 
 A2ZCQ7 60S ribosomal protein L10-1 17.41 
 P04707 Alcohol dehydrogenase 2 17.15 
 O49884 60S ribosomal protein L30 16.96 
 B6TB21 Anamorsin homolog 16.73 
 Q43260 Glutamate dehydrogenase 16.30 
 P10049 Chlorophyll a-b binding protein type I, chloroplastic 16.17 
 Q42560 Aconitate hydratase 1 15.81 
 A2Z5S8 Ubiquitin-fold modifier-conjugating enzyme 1 15.68 
 O64464 Proteasome subunit beta type-1 15.38 
 Q2QD64 ATP-dependent Clp protease proteolytic subunit 15.38 
 P29023 Endochitinase B (Fragment) 13.75 
 Q9ZWT2 Cytochrome B5 isoform D 12.86 
 P0C0L0 Probable L-ascorbate peroxidase 5, chloroplastic 11.88 
 P31862 Bowman-Birk type wound-induced proteinase inhibitor WIP1 11.76 
 Q37328 Ribulose bisphosphate carboxylase large chain (Fragment) 11.71 
 Q941Y8 Probable NADPH:quinone oxidoreductase 2 10.34 
 P29830 17.6 kDa class II heat shock protein 9.68 
 Q9S7H1 Photosystem I reaction center subunit II-1, chloroplastic 9.62 
 Q8W0H5 Probable anion transporter 3, chloroplastic 9.06 
 Q9LST6 Proteasome subunit beta type-2 8.96 
 Q3V526 Ribulose bisphosphate carboxylase large chain 8.96 
 Q10717 Cysteine proteinase 2 8.89 
 Q0J9V5 Thioredoxin-like protein CXXS1 8.27 
 O49886 Peptidyl-prolyl cis-trans isomerase 8.14 
 C6TBN2 Probable aldo-keto reductase 1 7.80 
 P49209 60S ribosomal protein L9-1 7.73 
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 O04267 GTP-binding protein SAR1B 7.69 
 Q8L4N1 Universal stress protein PHOS34 7.69 
 Q9MBB3 40S ribosomal protein S3a 7.28 
 O82191 NADP-dependent malic enzyme 1 7.23 
 P49727 Cytochrome b-c1 complex subunit Rieske, mitochondrial 6.96 
 Q9SXP2 Formate dehydrogenase 1, mitochondrial 6.65 
 Q9ZT00 Ribulose bisphosphate carboxylase/oxygenase activase, chloroplastic 6.47 
 Q9ATL9 Aquaporin TIP2-1 6.43 
 P52428 Proteasome subunit alpha type-1 6.30 
 Q08697 Pathogenesis-related protein 1A1 6.29 
 A2XID3 Allene oxide cyclase, chloroplastic 6.25 
 Q9FUM1 Elongation factor 1-gamma 5.92 
 P12257 Lichenase-2 (Fragment) 5.77 
 A8QW51 Probable O-methyltransferase 2 5.65 
 Q9SLX0 Importin subunit alpha-1b 5.62 
 Q43157 Ribulose-phosphate 3-epimerase, chloroplastic 5.61 
 O24412 26S proteasome non-ATPase regulatory subunit 7 homolog A 5.52 
 P26866 Ribosomal protein S4, mitochondrial 5.10 
 A2XCT8 1,2-dihydroxy-3-keto-5-methylthiopentene dioxygenase 2 5.05 
 Q9LTX9 Heat shock 70 kDa protein 7, chloroplastic 4.87 
 P33679 Zeamatin  4.85 
 Q9LHH7 Bifunctional protein FolD 2 4.68 
 Q7G764 Probable NAD(P)H-dependent oxidoreductase 1 4.67 
 Q9FYS5 HMG-Y-related protein A 4.66 
 Q02028 Stromal 70 kDa heat shock-related protein, chloroplastic 4.39 
 O49818 Lactoylglutathione lyase 4.30 
 Q8L8Y0 40S ribosomal protein S2-1 4.23 
 Q9M5P8 Alpha-soluble NSF attachment protein 4.17 
 B8AU84 Arginase 1, mitochondrial 4.12 
 Q7XKE9 Clathrin light chain 1 3.99 
 Q9ZRI8 Formate dehydrogenase, mitochondrial 3.71 
 Q9LHP1 60S ribosomal protein L7-4 3.69 
 Q56WD9 3-ketoacyl-CoA thiolase 2, peroxisomal 3.68 
 Q6F2Y7 Chaperone protein ClpB1 3.51 
 P46645 Aspartate aminotransferase, cytoplasmic isozyme 1 3.21 
 Q9FJN9 Polyadenylate-binding protein 2 3.18 
 Q93YR3 FAM10 family protein At4g22670 3.17 
 Q43272 NADP-dependent glyceraldehyde-3-phosphate dehydrogenase 3.01 
 Q32904 Chlorophyll a-b binding protein 3, chloroplastic 2.91 
 Q8VYG9 Plant intracellular Ras-group-related LRR protein 9 2.61 
 Q38931 Peptidyl-prolyl cis-trans isomerase FKBP62 2.54 
 Q7XR61 Methylthioribose kinase 1 2.33 
 Q5N9J9 Probable phytol kinase 2, chloroplastic 2.30 
 Q5XEP2 Hsp70-Hsp90 organizing protein 2 1.75 
 Q9FXA4 U-box domain-containing protein 26 1.66 
 Q7XBQ9 Disease resistance protein RGA2 1.65 
 P36495 Uncharacterized membrane protein ycf78 1.60 
 Q38954 Inorganic phosphate transporter 2-1, chloroplastic 1.53 
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Region 7 Accession Protein description Protein 
coverage 
Compatible   
 Q9FFC7 Alanine--tRNA ligase, chloroplastic/mitochondrial 1.43 
 Q9FL28 LRR receptor-like serine/threonine-protein kinase FLS2 1.28 
Incompatible   
 Q9ZRA8 Tubulin beta-5 chain 44.97 
 P50303 S-adenosylmethionine synthase 3 (Fragment) 26.39 
 Q05832 18.3 kDa class I heat shock protein 22.36 
 Q05761 40S ribosomal protein S13 19.21 
 Q9ATM6 Aquaporin PIP2-4 19.10 
 P26300 Enolase 16.89 
 P80638 Unknown protein from etiolated coleoptile (Fragments) 16.33 
 P36181 Heat shock cognate protein 80 12.45 
 Q40682 Elongation factor 1-delta 2 11.95 
 Q9LJW6 60S ribosomal protein L34-3 10.83 
 P49211 60S ribosomal protein L32-1 9.77 
 Q40787 Ras-related protein Rab7 9.71 
 Q8L7H8 Mitochondrial pyruvate carrier 2 9.17 
 O24653 Guanosine nucleotide diphosphate dissociation inhibitor 2 8.11 
 O23814 Probable phospholipid hydroperoxide glutathione peroxidase 7.60 
 P93779 60S ribosomal protein L5 (Fragment) 7.44 
 Q6K9C3 Serine/arginine-rich splicing factor RSZ23 7.00 
 P31166 Adenine phosphoribosyltransferase 1, chloroplastic 6.17 
 O48676 UDP-glycosyltransferase 74B1 6.09 
 Q43497 Monodehydroascorbate reductase 6.00 
 Q10KF0 Proteasome subunit alpha type-2 5.96 
 Q43735 Peroxidase 27 5.61 
 P25840 Heat shock 70 kDa protein 5.54 
 Q0PW40 Cysteine-rich receptor-like protein kinase 13 5.50 
 Q40648 Probable voltage-gated potassium channel subunit beta 5.49 
 P49692 60S ribosomal protein L7a-1 5.45 
 Q9SIM4 60S ribosomal protein L14-1 5.22 
 O22797 Glycolipid transfer protein 1 4.95 
 Q06509 Caffeic acid 3-O-methyltransferase 4.67 
 P0DKK7 60S ribosomal protein L7a-2 4.65 
 Q9ZT66 Endo-1,3;1,4-beta-D-glucanase 4.29 
 Q0JJ01 BTB/POZ domain and ankyrin repeat-containing protein NPR2 4.09 
 Q6L5I5 Mitochondrial outer membrane protein porin 2 3.93 
 B0F9L7 Golgin candidate 2 3.89 
 Q9SIL6 Prohibitin-6, mitochondrial 3.85 
 Q8LG70 Probable 6-phosphogluconolactonase 2 3.47 
 Q8S9K3 Zinc finger protein VAR3, chloroplastic 3.43 
 Q03363 DnaJ protein homolog 1 (Fragment) 3.27 
 Q7XPL2 Oxygen-dependent coproporphyrinogen-III oxidase, chloroplastic 3.26 
 P42824 DnaJ protein homolog 2 2.87 
 Q337Y2 Probable cinnamyl alcohol dehydrogenase 3 2.73 
 Q10MQ2 Probable LL-diaminopimelate aminotransferase, chloroplastic 2.59 
 Q5GAB0 Maturase K 2.36 
 Q9SV96 Pentatricopeptide repeat-containing protein At4g39620, 
chloroplastic 
2.31 
 P84516 Cationic peroxidase SPC4 2.21 
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coverage 
Incompatible   
 Q43831 RuBisCO large subunit-binding protein subunit beta, chloroplastic (Fragment) 2.20 
 Q949G3 Pleiotropic drug resistance protein 1 2.09 
 Q0WNR6 AT-rich interactive domain-containing protein 5 2.07 
 Q9LK23 Glucose-6-phosphate 1-dehydrogenase, cytoplasmic isoform 1 1.74 
 Q9SIC9 Pentatricopeptide repeat-containing protein At2g31400, chloroplastic 1.53 
 O22757 MLO-like protein 8 1.52 
 Q7Y0E8 Probable nucleoredoxin 1-1 1.05 
 P12221 Putative protein TIC 214 N-terminal part 0.75 
Shared    
 P27788 Ferredoxin-3, chloroplastic 50.00 
 P12950 Dehydrin DHN1 29.76 
 P13853 17.6 kDa class I heat shock protein 3 20.38 
 P83373 Malate dehydrogenase, mitochondrial 15.04 
 Q6Z7V2 24.1 kDa heat shock protein, mitochondrial 9.09 
 Q10P60 26.7 kDa heat shock protein, chloroplastic 8.75 
 Q941Z0 Probable NADPH:quinone oxidoreductase 1 7.61 
 Q42376 Late embryogenesis abundant protein, group 3 5.88 
 P29402 Calnexin homolog 1 3.02 
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Accession SC Accession SC Accession SC Accession SC Accession SC Accession SC Accession SC Accession SC 
Q43772 1 Q5Z9Z3 1 P46466 1 P09189 1 Q5MYA4 2 P27788 2 Q9ZV36 3 Q9FMU6 3 
A2ZB00 1 Q08069 1 P42211 1 A0A0P0VUY4 1 Q56WD9 2 P13853 2 P48495 3 Q8W3D9 3 
Q9LEV3 1 P46297 1 P11428 1 O50008 1 Q5Z627 2 Q84Q72 2 O23654 3 F4JGR5 3 
P93805 1 Q9XEK8 1 Q9AT34 1 Q65XK0 1 Q6F2Y7 2 P85200 2 A2XHJ5 3 Q39857 3 
Q9FF90 1 O81372 1 Q6Z517 1 A1E9T1 1 Q6ZL42 2 P04782 2 Q75W16 3 Q9FIE8 3 
O64964 1 P93554 1 Q9SF91 1 O65282 1 Q6XZ79 2 P80627 2 A2YMC5 3 Q8VXG7 3 
Q9LSU1 1 P59232 1 Q93VT8 1 Q8S857 1 Q75L11 2 P80639 2 A2WXX3 3 O22193 3 
P49692 1 Q9SIP7 1 P49216 1 Q41806 1 Q96292 2 P18122 2 A7PRJ6 3 O48965 3 
P26301 1 P62786 1 A2YXU2 1 Q9XET4 1 Q9LHH7 2 Q9ZP06 2 A7QJG1 3 O48556 3 
Q9LSU3 1 P25776 1 Q42962 1 Q8W1L6 1 Q9M5P8 2 Q69TY4 2 O04066 3 Q9XGD6 3 
P52588 1 Q5Z402 1 Q9LJX4 1 Q41898 1 Q9M612 2 P55939 2 O23290 3 Q41784 3 
P08735 1 Q84P97 1 Q94JE1 1 P27347 1 Q9MBB3 2 P49690 2 O23708 3 P84516 3 
P49106 1 Q42908 1 P35131 1 Q42376 2 Q9SIC9 2 O65101 2 P08823 3 Q9FHW7 3 
P93629 1 B8BBZ7 1 Q9LXG1 1 P83373 2 B8AU84 2 Q9M3V8 2 P13653 3 Q6ZKC0 3 
O49079 1 Q96564 1 Q7F731 1 P12950 2 A2ZCQ7 2 P11490 2 P24825 3 Q9FJX2 3 
Q41852 1 P29545 1 P31726 1 P24631 2 P0C8Y9 2 Q9SR73 2 P29766 3 Q7XWU8 3 
Q05431 1 O23755 1 P46302 1 Q6K9C3 2 P46645 2 O64566 2 P40934 3 P0DH85 3 
Q09054 1 Q9ZR03 1 P18123 1 P93407 2 Q02028 2 P42895 2 P50218 3 P46252 3 
P51427 1 P49202 1 Q9SVD7 1 B9IJ21 2 Q42560 2 P08440 2 Q08704 3 A2YDY2 3 
Q94DM8 1 Q9LI00 1 P09315 1 A2XID3 2 Q43157 2 O50003 2 Q2R8Z5 3 P48502 3 
Q948T6 1 Q9FFE0 1 Q08480 1 O24412 2 Q8L8Y0 2 P80607 2 Q41542 3 P49235 3 
Q9ZT66 1 Q0J6T3 1 P04907 1 P49210 2 Q8H6L7 2 Q9XE33 2 Q41803 3 P21240 3 
P49174 1 P12653 1 Q8H6A5 1 P93798 2 Q9SIB9 2 O65731 2 Q5E924 3 Q9XGM1 3 
P04709 1 Q38866 1 P40280 1 Q43260 2 Q9LHP1 2 Q8LPJ3 2 Q75I93 3 P19951 3 
Q9SIL6 1 P83970 1 Q9XHS0 1 Q945K7 2 P19950 2 O03986 2 Q7YMV1 3 P49215 3 
P31674 1 O23254 1 Q41764 1 Q9FKQ3 2 P11143 2 Q40345 2 Q9FH36 3 Q7SIC9 3 
Q8LG70 1 Q40648 1 Q9S7L9 1 Q9FL28 2 Q2PMP0 2 P51824 2 Q9FZ48 3 P42794 3 
P12783 1 P49100 1 Q69ST6 1 Q9M2Z4 2 Q6Z7V2 2 P00333 2 Q9LNJ0 3 O24573 3 
P41980 1 P16165 1 Q94F49 1 Q10MQ2 2 Q43272 2 O22655 2 Q9SE94 3 Q43472 3 
Q40977 1 P38562 1 Q0JNR2 1 A8QW51 2 Q8VYG9 2 P49036 2 Q9SIM4 3 P36213 3 
Q9XJ54 1 P29195 1 Q84RL7 1 A2XCT8 2 O64464 2 Q42961 2 Q9SYM5 3 Q9FLP6 3 
P0DKK8 1 Q8GXW5 1 P20904 1 P00874 2 P37833 2 P12329 2 P80610 3 Q9AQU5 3 
P40978 1 B7F845 1 Q6ICZ8 1 P31862 2 O22518 2 Q9FXT4 3 A4ULF8 3 Q9SCN8 3 
P80608 1 Q6NQL4 1 P41127 1 P33679 2 P55857 2 Q01526 3 Q9MB46 3 Q9MBF6 3 
P43209 1 Q04127 1 O48557 1 P48497 2 Q08479 2 A2XJ35 3 Q657B3 3 Q7Y1L9 3 
P49027 1 P12859 1 Q9AT35 1 P52428 2 Q6Z0I4 2 Q42553 3 O04997 3 Q6L5I5 3 
O23138 1 P42856 1 P43188 1 Q0ITW7 2 B8BJ39 2 P51108 3 Q8GT95 3 P36181 3 
Q94LR4 1 P27523 1 Q10S66 1 Q0J9V5 2 P29022 2 Q9FDW8 3 O81918 3 O48549 3 
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Accession SC Accession SC Accession SC Accession SC Accession SC Accession SC Accession SC Accession SC Accession SC 
P93779 3 P02276 4 O23814 4 Q9S827 5 P46465 6 Q67UF5 8 P12857 8 A2YQT7 8 P29511 8 
Q337Y2 3 P93788 4 P49211 4 Q42669 5 Q6ERW7 6 O23979 8 P0C542 8 Q8RUN1 8 P52904 8 
Q06509 3 P23346 4 P50303 4 P49397 6 Q9LKA3 7 P49105 8 P0C1Y5 8 Q9FGI6 8 Q6L5F7 8 
P27164 3 P0CAN7 4 Q08275 4 P13689 6 O24413 7 P02581 8 P52877 8 Q8LCE1 8 P35683 8 
O22347 3 Q6YZX6 4 Q43831 4 B4G072 6 P46256 7 Q9LK36 8 A9PHC5 8 P56333 8 Q96254 8 
A5BUU4 3 P45633 4 Q6I544 4 P05348 6 A4KA55 7 O49169 8 Q7M1X5 8 P32811 8 Q1ZYQ8 8 
Q84VG0 3 A2Y053 4 Q70Z19 4 O24415 6 P09004 7 P93804 8 P36183 8 P18026 8 Q6Z5N4 8 
Q43694 3 Q08276 4 Q7YKY5 4 Q41048 6 A2YH64 7 Q9ZV56 8 P92549 8 P00057 8 A4KA56 8 
O82709 3 P29036 4 Q9SAJ4 4 A8SEF5 6 Q9SP02 7 P25076 8 Q9SP55 8 Q6YYW5 8 Q9M5K2 8 
O24047 3 P85917 4 Q9ZS45 4 Q9FXA4 6 A4KA43 7 P46251 8 A4KA57 8 Q9FN69 8 Q0J0H4 8 
P35686 4 Q6ERW5 4 P25840 4 O49884 6 O65315 7 Q8H8T0 8 Q9M1D3 8 P30168 8 P49087 8 
A2Y5G8 4 Q08277 4 Q42662 4 Q9FUM1 6 P38561 7 Q5Q0E6 8 P35338 8 P21343 8 Q5W676 8 
Q9LHA8 4 A9NUH8 4 Q43497 4 O49886 6 Q6ZJJ1 7 Q94A28 8 P29185 8 Q75M08 8 Q56UD0 8 
Q336T5 4 Q10717 4 A2XNS1 4 P34767 6 Q9XGX7 7 P42653 8 P35339 8 Q2QP13 8 Q940Y8 8 
Q84QY3 4 B7F958 4 P24067 4 A5H8G4 6 P53498 7 P54770 8 P29696 8 P30792 8 Q6EUH7 8 
Q40682 4 P68209 4 O22349 4 P25765 6 Q96482 7 P21569 8 Q40078 8 P26216 8 Q6K9N6 8 
Q0IQK9 4 P50217 4 Q9SXP2 4 P23321 6 Q9ASR1 7 Q43007 8 Q10L71 8 Q9SP22 8 P27322 8 
P19656 4 P46226 4 P04707 4 A7QEU4 6 Q31669 7 P29038 8 P93207 8 Q9FT52 8 O49203 8 
P15719 4 P54238 4 Q9ZRI8 4 A1XBB7 6 P17783 7 Q9SLY8 8 Q7F4F8 8 P42057 8 P49608 8 
Q10T32 4 P24629 4 Q38931 4 Q9ZPN8 6 P49298 7 O80433 8 Q9ZU25 8 Q43247 8 A2YQ76 8 
Q10724 4 Q9ZRF1 4 P30169 4 Q5S1S6 6 A2Z7B3 7 O04916 8 Q9ATM0 8 Q69Q02 8   
Q9ZTP5 4 Q9C614 4 Q9ATM7 4 P08474 6 P42054 7 Q9FPK7 8 Q6ER94 8 Q41266 8   
P33444 4 Q943F3 4 P12863 4 P05167 6 P93375 8 O24581 8 P24669 8 Q42290 8   
O22424 4 B9FFD2 4 Q9FRL8 4 Q9FYS5 6 P32112 8 P09233 8 Q9ZU46 8 Q9SK66 8   
P25460 4 Q9SQI2 4 Q08062 4 Q7XKE9 6 Q2QLY4 8 Q8LQ68 8 O81796 8 P27140 8   
Q945M1 4 P43643 4 Q93YR3 4 Q9LTX9 6 Q2QLY5 8 P84209 8 Q9FGY1 8 Q0IZZ8 8   
P42791 4 Q9MAK9 4 C6TBN2 4 Q70Z16 6 P29500 8 P58738 8 P21616 8 P12628 8   
Q9SHI3 4 O82663 4 Q9STX5 4 O48551 6 Q69LA6 8 Q6XZ78 8 P93033 8 P09469 8   
O23968 4 Q9LJW6 4 A2XRZ6 4 Q94A97 6 Q2QS13 8 Q9FEW9 8 P22954 8 Q43433 8   
Q5I7K3 4 P31166 4 Q7XPL2 4 Q9SF40 6 P53504 8 P49175 8 P00074 8 O98639 8   
Q9SZJ5 4 Q40787 4 P29023 4 Q9XF97 6 Q96327 8 Q42521 8 Q9SDX3 8 Q07154 8   
Q9FE01 4 P28399 4 P27777 4 Q9XGD5 6 Q2R2W2 8 P93032 8 Q9LV35 8 Q05737 8   
A2Y7R5 4 A2XFC7 4 P24632 4 Q3V526 6 P28011 8 P50249 8 Q6ZDY8 8 P00412 8   
Q6UNT2 4 P29402 4 Q941Z0 4 Q37328 6 Q942L2 8 Q42472 8 Q41782 8 P05494 8   
Q5VND6 4 P0DKK7 4 Q05761 4 P42798 6 Q9LNK1 8 P49727 8 Q9LY32 8 Q6ZL94 8   
F8RP11 4 Q10KF0 4 Q9M9B4 5 A1E9K3 6 Q9LZI2 8 P35081 8 Q0DAE4 8 Q6Z1G7 8   
A6N0M9 4 O23255 4 Q5N725 5 Q38681 6 O65107 8 P52855 8 Q9ZRJ4 8 P19023 8   
Q10L32 4 O04848 4 P20115 5 B8BBN7 6 Q0J4P2 8 P35016 8 Q9M573 8 Q9FNN5 8   
 
1
7
0
 
